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FOREWORD 

This final report is submitted in accordance with the require- 
ments of NASA-GSFC, Contract No. NAS8- 30889. The report includes: 

Volume I - Evaluation of Alternate Telescope Pointing Schemes 

Volume II - Suspended Pallet Pointing Performance Study 

Volume III - Retention/Suspension Systems, Pallet Common Module 
Configuration Study 

Volume IV - Summary Volume 


ii 



CONTENTS 


Foreword 

Contents 


1 . 


2 . 

2.1 

2 . 1.1 

2.1.2 

2.1.3 


2.2 

2.2.1 

2 . 2.2 


3. 


3.1 

3.1.1 

3.1.2 

3.1.3 

3.1.4 

3.2 

3.3 


4. 


4.1 


4.2 

4.3 

4.4 

5. 


6 . 


7. 


INTRODUCTION 

MODEL DESCRIPTION ................ 

Linear Pointing Performance Model 

Translational Equations of Motion . 

Rotational Equations of Motion , 

Parameters for IPS Pointing Performance 

Evalua tion 

Slewing Model 

Translational Equations of Motion 

Rotational Equations of Motion 

DESCRIPTION AND OVERALL OPERATING 

CHARACTERISTICS OF THE IPS 

Inside-Out Gimbal System (IOG) 

Determination of IOG Loop Bandwidth . . . , . 
Selection of IOG Suspension Stiffness .... 
IOG Pointing Performance as a Function of 
Moment Arm and Control Loop Bandwidth . . . 

Observed IOG System Instability 

Standard Experiment Pointing Base (SEPB) . . . . 
Floated Pallet 

EFFECTS OF FLEXIBILITY ON POINTING CONTROL 
LOOP 

•••• 

General Discussion on the Effects of 

Flexibility on Pointing Control Loop ..... 
Effects of Flexibility on the IOG 

Pointing Control Loop 

Effects of Flexibility on the SEPB 

Effects of Flexibility on the Floated Pallet. . 

SLEWING PERFORMANCE OF THE INSIDE-OUT GIMBAL 
(IOG) SYSTEM 

COMPARISON OF THE IOG, SEPB, AND FLOATED 
PALLET SYSTEMS. ....... 

RECOMMENDED FUTURE EFFORT 


iii 


Page 

li 

iii 

1-1 

2-1 

2-2 

2-2 

2-10 

2-30 

2-30 

2-30 

2-32 


3-1 

3-1 

3-1 

3-5 

3-5 

3-6 

3-13 

3-13 


4-1 

4-1 

4-4 

4-6 

4-8 


5-1 


6-1 

7-1 


CONTENTS (Continued) 


Figure 


2-1 


2-2 

2-3 

2- 4 

3- 1 
3-2 


3-3 

3-4 


3-5 


3-6 


3-7 

3-8 

3-9 

3-10 


3-11 


4-1 

4-2 

4-3 


5-1 


Schematic Diagram of Model Used for Evaluation 
of Performance of the Floated Pallet and IOG 


Systems 

Schematic Diagram of Slewing Simulation . . . 
Schematic Diagram for Six Body Linear Modal . 

IPS Schematic Diagram 

Crew Motion Disturbance Profile 

Telescope Error Vs Telescope Angular Position 
For Nominal Suspension Stiffness Force 
Applied Along z Axis and 2 Hz Pointing 

Control Loop Bandwidth 

Fourier Spectrum of Disturbance Force . . . . 
Telescope Pointing Error Vs Suspension 
Stiffness For 2 Hz Pointing Control 

Loop Bandwidth 

Pointing Error Vs Telescope Moment Arm For 
1/20 Nominal Suspension Stiffness and 
65 Degree Telescope Look Angle. ...... 

Pointing Error Vs Pointing Control Loop 
Bandwidth For 1/20 Nominal Suspension 
Stiffness and 65 Degree Telescope Look 

Angle 

Two Body Stability Model 

Pointing Error Vs Telescope Mass Offset 
For SEPB 


Pointing Error Vs Control Loop Bandwidth 

For 0.1 Hz Suspension Natural Frequency . . . . 
Pointing Error Vs Suspension Damping Ratio 
For 1 Hz Loop Bandwidth and 0.1 Hz 


Suspension Natural Frequency 

Pointing Error Vs Suspension Natural 
Frequency For 1 Hz Control Loop and 

0.1 Suspension Damping Ratio 

Simplified Single Axis System . . . 

Vehicle Dynamics 

Gimbal Interface Frequency Vs 10G Control 
Loop Bandwidth (Sensors Mounted on the 

Telescope) ....„ 

Slewing Telescope Geometric Configuration .... 


IV 


Fage 


2-38 

2-39 

2-40 

2- 41 

3- 15 


3-16 

3-17 


3-18 


3-19 


3-20 

3-21 

3-22 

3-23 


3-24 


3- 25 

4- 10 
4-10 


4- 11 

5- 4 


CONTENTS (Concluded) 


Table 


Page 


2-1 

2-2 

2-3 

2-4 

2- 5 

3- 1 

4- 1 

5- 1 

5- 2 

6 - 1 
6-2 

6-3 

6-4 

6-5 


IOG System Parameters (3 sheets) 

Parameters for SEPB (3 sheets). ....****’ 
Parameters for Floated Pallet (3 sheets).* ! ! .* ] 

Generalized Control Gains ’ 

IOG Parameters for Slewing * 

Parameters For Two Body Stability Model ..*.*!! 
Effects of Structural Flexibility for the IPS . ! 

Slewing Telescope Mass Properties 

IOG Slewing Performance . 

Instrument Pointing System Weight Summary . . . . 
Effects of Flexibility on Instrument Pointing 
System 

Inside-Out Gimbal System (IOG) (2 sheets) ! ! * .* 

Standard Experiment Pointing Base (SEPB) 

Floated Pallet. ..... 


2-42 

2-45 

2-48 

2-51 

2- 52 

3- 26 

4- 12 

5- 5 

5- 6 

6- 4 


6-5 

6-6 

6-8 

6-9 


v 


1 . 


INTRODUCTION 


With the maturation of the space shuttle concept of a reusable 
launch vehicle for earth orbital missions, two divergent modes of 
operation have been defined. One mode involves the use of the shut- 
tle as a logistics vehicle placing free flying experiment packages 
in orbit and replacing, repairing or servicing existing packages. 

In addition it will perform a crucial role as a manned experiment 
base, remaining in earth orbit from 7 to 30 days performing various 
experiments with equipment mounted in the payload bay. 

Current assessments of the experiments proposed for operation 
in low earth orbit in conjunction with a manned vehicle indicate 
that nearly 45 percent of the payloads require pointing accuracy 
greater than that afforded by the orbiter capability using the 
Reaction Control System (RCS) . It is therefore apparent that a 
second level of control or alternately, an Instrument Pointing 
ystem (IPS), is required to meet the precise pointing accuracies 
required by a substantial percentage of experiments that can fly 
on the orbiter. J 

There are presently three concepts that have been proposed 
for the Instrument Pointing System. They are the Inside-Out Gim- 
bal (IOG) system proposed by the European Spacelab project, the 
Standard Experiment Pointing Base (SEPB) , and the Floated Pallet. 

The latter two concepts were developed by Marshall Space Flight 
Center (MSFC) personnel. The purpose of this portion of the study 
is to evaluate the operation of these three concepts and to deter- 
mine the relative advantages and disadvantages of the three proposed 
Instrument Pointing Systems. Of particular interest was the effect 
o structural flexibility on the performance of each of the proposed 
concepts. The approach taken in evaluating these effects was to 
assure a rigid structure for determining the control loop bandwidths 
an other system parameters (i. e. , suspension characteristics, sen- 
sor characteristics, etc.) required to meet a pointing stability 
performance of +1 sec for all of the proposed systems in the pre- 
sence of crew motion disturbances. Crew motion disturbances are 
projected to be the most severe disturbance presented to the IPS. 

Once these parameters were identified, structural flexibility was 
inserted and its effect on overall system stability and performance 
was determined for each of the proposed concepts. 

This volume (one of four) describes the results and the conclu- 
sions obtained during this portion of the study. The computer models 
used are presented in great detail in order to make the reader aware 
of the assumptions made and the implied limitations of the results 
obtained and described in this volume. 
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2 . 


MODEL DESCRIPTION 


Two inodes of Instrument Pointing System operation were investi- 
gated from the standpoint of stability and performance. These were 
the pointing and slewing modes. In order to investigate these two 
modes of system operation two mathematical models were defined, one 
for use in system pointing performance evaluations, the other to be 
used to determine the slewing capability and performance of the IOG. 

The mathematical model employed for the determination of system 
pointing performance is linear consisting of six bodies. These bodies 
are distributed in the following manner: one body represents the 

orbiter; two bodies represent the pallet; one body represents a glm- 
bal base or pedestal; one body represents the inner gimbal or inertial 
gimbal of a proposed gimballing system; one body represents the tele- 
scope or instrument to be pointed. Features of this model include 
the following: 

a. Six degree of freedom suspension dynamics between pallet 

and orbiter. 

b. Pallet flexibility. 

c. Six degree of freedom suspension dynamics between the 

pallet and the gimbal pedestal. 

d. Gimbal and telescope interface flexibility. 

e. Sensor and actuator dynamics. 

By proper initialization this model can be made to represent 
any of the three (1. e , , IOG, SEPB, or Floated Pallet) IPS evalu- 
ated during the course of this study. A schematic representation 
of the linear pointing performance model is shown in figure 2-1, 

The slewing model is nonlinear and consists of three bodies. 

One body represents the orbiter and pallet, the second represents 
the gimbal pedestal, and the third represents the telescope inner 
gimbal plus instrument. Features of this model include the fol- 
lowing: 

a. Full strapdown equations of motion for the telescope. 

b. Nonlinear Euler terms due to telescope motion. 

e. Six degree of freedom suspension dynamics between pallet 

and gimbal pedestal. 
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d. Quaternion type slew command logic, 
c. Sensor and actuator dynamics. 

A schematic representation of the slewing model is shown in figure 

In Paragraphs that follow the mathematical derivation of 
both the pointing performance and slewing models will be outlined. 

^•I Linear Pointing Performance Model 

„ . j* 1 : 1 . ■ Transl ^iona 1 Equation s of Motion - Referring to figure 
2 3 the following translational equations of motion can be written 
for the six bodies depicted. 



Cl) 

7 2e" F c 12 +F c23 = V2 

(2) 

r 3e- F c23 +F c34 =m 3p3 

(3) 

F 4e“ F c34 +F ir m 4p4 

(4) 


(5) 


(6) 


where: 

, ,6) = external forces applied to bodies 1 thru 
6 respectively 

*cl2 y *e23 * *c34 = compliance forces between bodies 1 and 2, 

2 and 3, and 3 and 4, respectively 

~ hinge force between bodies 4 and 5 

- interface force between bodies 5 and 6 

m j 0=1 » • • - ,6) - mass of bodies 1 thru 6 

Pj Cj-1, . . . ,6) *?• distance from origin of arbitrary inertial 
coord lhate frame to center of mass of 
bodies 1 thru 6 


In addition the following equation applies 

6 

Y" F. =Mp 

Z_j j e r o 


j=l 


where : 


j=i 


( 7 ) 


( 8 ) 


and 


P Q - distance from origin of arbitrary inertial coordinate 

frame to the composite center of mass of the system shown 
in figure 2-3. 

Examination of figure 2-3 allows the following geometrical 
relationship to be written for the six bodies depicted. 


P j j 1 » • * • > 6 


(9) 


where : 


R j distance from composite center of mass to the center 
of mass of bodies 1 thru 6 

Additionally from geometric considerations 


R 2 -R l +R 120 +e i2 


R 3 =R l +R 120 +£ 12 +R 230 +£ 23 
R 4 R l +R l 2 0 +£ l 2 +R 2 30 +£ 23 +R 340 +E 34 
R 5 =R l +R 120 +e i2 +R 230 +£ 23 +R 340 +e 34 +r l' fr 2 
R 6 =R l +R 120 +e i2 +R 230 +e 23 +R 340 +£ 34 +r l +r 2 +r 3 +r 4 


( 10 ) 

( 11 ) 

( 12 ) 

(13) 

(14) 


result 01 " the definitiGn of the system composite CM the following 


V" 

> m. R.=0 

Z_i J J 

3=1 


(15) 
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where : 


R 12G - inertially fixed vector directed from the CM of body 

1 to body 2 when the system is in an unstressed state 

R 230 = inertiall y fixed vector directed from the CM of body 

2 to the CM of body 3 when the system is in an un- 
stressed state 

R 340 = inertially fixed vector directed from the CM of body 

3 to the CM of body 4 when the system is in an un- 
stressed state 

E 12 = re J- at i ve linear displacement between bodies 1 and 2 
measured with respect to R 


E 23 = relative linear displacement between bodies 2 and 3 
measured with respect to I^q 


£ 34 “ relative linear displacement between bodies 3 and 4 
measured with respect to R 34 Q 

* 

Substituting equations ( 10 ) thru (13) into equation (15) 
keeping in mxnd the r 2 30* and R 340 are inertial ly fixed 

vectors yields the following 


R 1 ~ M |^ ra 2^3 +m 4 +m 5 +in 6^ E 12 + ^ m 3 +m 4 +m 5 +ra 6^ E 23 + ^ m 4 +TO 5 +in 6^ E 

+(m 5 -hn 6 )(r 1 +r 2 )-hn 6 (r 3 +r 4 j 

Substituting equations ( 10 ) thru (13) in conjunction with 
equation (16) into equation ( 9 ) gives 

>f 5 l = M ] J/j C (m 2^3^4^5^6 ) E 12 +(m 3^4 +m 5 +m 6 ) E 23 +(m 4 4in 5 +m 6 ) ^ 

!j=l 


(16) 


34 


(17) 


+(m 5 +m 6 ) (r i +r 2 ) +m 6 (*3+^) 

^2“ M] Xi F je^l e i2 _(m 3‘ te 4 +n, 5 +m 6 )e 23 _(m 4 4in 5 +m 6 )E 34 -(ra 5 +in 6 )(i? l + ^2 ) 


-\(r 2 +r A )) 


(18) 
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( 19 ) 


^3 = M \ X! F je^i e i2 +(ra l +ra 2 )fe 23"^ m 4' hn 5‘ Hn 6^34'“ (m 5 4in 6 )( ’ ? l + ^2 ) 

U=1 - 


- m 6 (r 3 +r 4 } ! 


V MS Z F je^i e i2 +( ^2 )g 23 +(m 1^2^3 ) ’S4‘ (m 5 +n, 6 )(i? l +i? 2> 
U=i 


-VW' 


( 20 ) 


P 5 M |^ F je^l g 12 +(m 1^2 )g 23 +(ra 1^2^3 )g 34 +(m l^2^3' hn 4 ) <W 


m 6^ r 3 +r 4^' 


( 21 ) 


P 6 M | Yjj e 4m l g 12 +Cm l +m 2 ) S 23 +(m 1^2^3 ) M 34 +(ra 1^2 +ra 3 +ni 4 ) <V* I? 2 ) 


+ (m 1 -+-m 2 -t-m 3 +m^-t-m 5 ) (r^r^)’ 


(22) 


_ , # -2 

Substitution of equation (22) into equation (6) yields 
F r ff P 6e -m 6 CF le +F 2a+ l?3 e+ F 4 

~ m 6 (m l +m 2 +m 3 ) e 34" m 6 (tn l +m 2 4Tn 3 +m 4 ) ( ’^l +1? 2 ) " m 6 ( m i +m 2 +m 3' fra 4 +ra 5 ) (5? 3 +i? 4^ (23) 

±n Subst ltution of equations (21) and (23) into equation (5) results 

f h = ^ mi +m 2 +m 3 -Hn 4 ) ( F 5e +F 6e )-(m 5 -hn 6 ) 

- (m 1 +m 2 ) (m 5 +ra 6 ) e^- ( n^-hn^) (m 5 +m 6 ) e^- (m^-hn^) (m^) (i^+r,,) 

-m 6 ( ra i +m 2 +m 3 +”i4 ) (r 3 +r 4 )J (24) 
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ttSL\ 


,r° W be ? oraes n^essary to specify the compliance forces that 
act on the various bodies which will then result in the complete 
specification of the linear equations of motion of the six body 
system shown in figure 2—3. * 


as 


The compliance force between bodies 1 and 2 can be written 


! =K 12* £ 

+K -f 


. / R 12 .,12 . 12 q 12 
12 (P 12 ^ 120^^11 3 110 


12 +C3 32 b 320 ) ~ Ce 3r 3 310 


■3 

)] +K 12 - f 


z +(g^-R^ \_/-r 12 gl2 
12^^22 P 220 ; C3 21 3 210 


12^42 P 420 ; (P 4l' P 410 


+D 


+D 


’12 


‘ +D 12 • ^12 + ®22-®2^j +D i2 ' jjl2 + ' j] 


>3 

3 


(25) 


where : 


12 

P kl^ k=1 ’* * • = distance from CM of body 1 to the k th lumped 
spring damper between bodies 1 and 2 on the 

body 1 side of the k Cl1 spring damper system. 
This vector is fixed in body 1. 

th 


,12 


■ k2 (k 1, . . . ,4) - distance from CM of body 2 to the k L “ lumped 
spring damper between bodies 1 and 2 on the 

body 2 side of the k tb spring damper system. 
This vector is fixed in body 2. 


(3 


12 


klO 


(k 4) - value of (3 fcl when system is unstressed, 

f 2 

P k20^ k=1> • • • >4) = value of 2,^ when system is unstressed. 

K 12 = s P rin 8 constant between bodies 1 and 2, 

®12 ~ damping constant of spring damper between 
bodies 1 and 2. 

The damping and spring constants are defined as diagonal 
matrices in the following manner 
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R E20 - inertial vector equal to the distance from CM 
of body 2 to center of elasticity of spring 
damper system between bodies 1 and 2 when the 
system is unstressed 

12 

a k2Q^ k=1, ' • • = inertial vector equal to the distance from the 
center of elasticity of the spring damper sys- 
tem between bodies 1 and 2 to the k th spring 
damper of that system 

Equation (25) can also be written as 

A 

F c12~ X! F cl2k ( 35 > 

k=l 
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where: 


F cl2k K 12* f 12 +<:e k2~ 3 k20 ) " ^kl“ 6 klO>} +D 12 ’ ^12 +fi k^kl] 


(36) 


Substituting equations (29) thru (34) into equation (36) and 
rearranging terms yields ^ J d 


F =K 
el2k 12 


+D 


12 


•^i2+(e 2 -e 1 )xR i .2 (l -0i*ii 12 o+(0 2 -e 1 )^ o J 

' ^12 +( “2^1 ) ^20 + ^1> x \20-“i»R 120 1 


(37) 


the llLTlTnt'ytiul ^ ° 5) ^ *** £ °™^ 

P tl2 =K 12 , f e 12 +4 < <! 2- 9 j> Jd! E20- 46 l* S 120 +<5 2- e 1 ) 1 ‘ £ “k2ol 


+ °12 ’ £'l2 14 C “2 ‘“i ,xR E20' 4 ‘“i xR 120' K< “; 


k=l 

4 


k=l -* 


(38) 


However, by the definition of center of elasticity 

E “KM" 0 


k«l 


Therefore 


F c12* 4K 12 


+4D 


• fl2 + < 9 2-«l)>' R E20- a i«12o] 

• ^ 12 + ("2^1>* R E20-V E 12oJ 


(40) 


l i-ijo o S ^ ^ he same procedure as outlined above the compliance forces 
between bodies 2 and 3 and 3 and 4 can be written as 


c23 4, ‘ C 23k 

k a l 


2-a 


( 41 ) 


F c23k~ K 23 


^23 +C6 3 _0 2 )xlR E3O“ 0 2 xR 23O +(0 3 _0 2 )xa k30j 
23* e 23 +Cw 3" W 2 )xR E30 +C V“2 )xa kL" U, 2 xR 23oj 


F c 23 4K 23* |^2O + ^ 0 3 0 2^ xR E3O 0 2 xR 230 
+4B 23* (*23 +C VV x WV R 230 
4 


rl 


c34‘ Z_, i e34k 
k 53 ! 


P c34rt4 , ^34 +(e 4- e 3 >ItR E40- e 3* R 340 +(e 4- £l 3 )lta k^ 
+B 34‘^34 +< “4' < “3 ,xI! 140 +( "4'“3 )xa k4o"“3 1 ‘ R 34^ 
• " [^34 +< "4' 0 3 )x,! E40 H 3'' :K 34oJ 

+4D 34‘ P34 +t "4-“3 )lcR E40-“3 I ' R 34ol 


where: 


F c34 4K 34 




( 42 ) 


(43) 


(44) 


(45) 


(46) 


K 23 = s P rin S constant of spring damper system 
between bodies 2 and 3 


£>23 damping constant of spring damper system 
between bodies 2 and 3 

R 34 “ s P r ing constant of spring damper system 
between bodies 3 and 4 

®34 ’ damping constant of spring damper system 
between bodies 3 and 4 

23 

a k30 (k=1 ’**” 4) = inertial vector equal to the distance from 
the center of elasticity of the spring 
damper system between bodies 2 and 3 to 

the k spring damper of that system 
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34 

• ’ **) = ine ttial vector equal to the distance from 
the center of elasticity of the spring 
damper system between bodies 3 and 4 to 

the k spring damper of that system 
K ^23 , ^34 , ^ > 23 ,D 34 are de H ned as diagonal matrices in the 


following manner 


K 23x ;K 23y ;K 23z 


K 23 =diag 

K 34 =dia 8 

D 23 =diag 

» 34 -di«g^3 4x ;D 34y ;D 3< 


K 34x ;K 34y ;K 34z 

®23x ;D 23y ;I, 23z 


(47) 

(48) 

(49) 

(50) 


tinn/o? ab ?T e eqaat * ons completely define the translational equa- 
tions of motion of the six body system shown in figure 2-3. 

tion n Tr ary tQ deriV£ the rot «tional equations of mo- 

S y sy5tel ” sho “” ln tl8ur * 2 - 3 - Ihls 

2 *1* 2 Rotational Equations of Motion 
writ t e t'as 1 ~ ^ rotatlonal equafe±on of motion for body 1 can be 


( si: 

s ii xF cm 


' (R 12O +R E2O )st ^12'fi2 +(0 2- 0 1 ) * l! E2O- 8 l xR 123 

+D 12 • ^12 + < M 2”“l> 

+( WW*{ K 12- (<02“ e i> xa ilo) +1 >12- ^-“J) 

«l 1 20 x { K l 2-fl2 + < e 2-*l> x Vo- 9 l* R 12^} 

W 120 ,t { D 12-pi2 + (“2-“P xR E20-V 

(v (<V 

fl2‘ f 


H ‘l20 x ' 


'“l* R 120l 


e i )x “l2o] 


12 
+U 120 X< 
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Evaluating the other terms in equation (51) similarly and per- 
forming the indicated summation results in the following 

V'ltVle’ IV <J l‘“l ) ' 4(R 120 +R E2 0 )lI ^ 1 2 - (^ 1 2 +(e 2 - e 1 ):tR E20- e 1 ,Il 12o) 
+D 12- [ 5 12 +( “2-“l> xR E20-“l )tR 12Sfi 

- E W K 12-< 9 2— 0 l>^20 

k=l 

4 _ 

“ E C ‘k 20 x [> 12 -(“ 2 - u, l )x ^ 2 o) ( 53 ) 


Equation (53) can be rewritten as 
d 


T l a 4T lc +E ll xF le" 1¥ (J l , “l )+d 12‘ (V“2 >+k 12’ 'W 

|<^2 > * R E20 +< ‘ , 1* R 12o) 

+K 12 . j( 8 1 -e 2 )*R E 20 +e i xK 12 o)} 

■ 4<R 120 +R E20 ,X ^12' E: 12 +K 12" e i2] < 5 


where * 
k,„=diagi4 


X2 =diag |4 K 12z (a H Qy ) 2 ; 4*^ (a^) 2 ; 4 j* 12y (aj 2 ^) 2 + K 12x (oc^ 0y ) 2 Jj (55) 

0 12 -dia 8 ^D 12z (a^ 0y ) 2 i 4B 122 («^ 0st ) 2 ; 4 ^ 
and 


12 z < a iL) 2 +D 12 x< a 120 y > 2 


3 > 


l’ Xe = external torque applied to body 1 
T lc = control torque applied to body 1 

*11 = distance from GM of body 1 to the external force appli- 
cation on body 1 
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Body 2 - The rotational equation of motion for body 2 can be 
written as 


T 2e +T 2c +R 22 xF 2e 6 12* F cl21 8 22 xF cl22~ 6 32 xF cl23~ e 42 xF cl24 +e i2 xF c231 

+ ^22 xF e232 + ^32 xF e233* F ^42 xF c234" fe CJ 2*“2 J < 57 > 

Using the same approach as outlined for body 1 in conjunction 
with the following relationships 


^k2 ^k2O +0 2 x ^k2O k 


(58) 


0 k2O R E20 +Gt k20 


ft23 *23 . « n2 3 
(3 k2 |3 k20 + °2 x|3 k20 


k=l , ... ,4 
k=l, ... ,4 


^k20 ^ao^^ao^kao k 


(60) 

(61) 


results in 


‘‘“l xR 12® 


3 


T 2g +T 2g +R 22 xF 2g" di- (J 2‘“2 ,+d 12‘ < “2-“l )+k 12 <0 2- e i > 

+4R E20 x ^ 12* Pl2 + ^2"“l 7xR 

+K 12-[ e l2 +<e 2- # l )xK E2O- e i xE 120) +d 23 , <“2-“3 ) 
(9 2 -0 3 )+4(R 23o+Re3o ) x ^ 23 . (('3 3 -*i 3 )xR t 

* D 23* (<^2-''3 )xR K30 4 “2 Xli 23oj| 
R E30 7x p23* e 23 +D 23* £ 23j 


-f-lf • I 

23 


°] 


- 4 < R 230 + ' 


wheire: 


d 23 =di«g^ 232 <c,“ 0y ) 2 ! 2 


23 


k 23^ ia ?p K 23G (a lLy ,2 > 4K 23z^3Ox> 2 ' 4 [ K 23y(“0ox> 2+K 23* <a UO, ): 


;4 Jd 

! 4 


,,23 x 2, n , 23 .21 

23y (a l30x ) D 23x (0t 130y ) 


(63) 

(64) 


2-12 


and 


T 2e “ externa l torque applied to body 2 
T 2 c = contro1 torque applied to body 2 

*22 = distance from CM of body 2 to the point of external 
force application on body 2 

»rittfir£r ~ The rotational of motion for body 3 can be 

I 3e«3cV3e-^K2 3 r^K232-^K 2 33-^K23^K34 1 

+8 23* F c342* 6 33* P c343 +S 43* F c344" (65) 

with ^foS^r^tirhSs 0 ^ ^ b ° dy 1 ln 


8 h3* 8 k3O +9 3 x8 k30 

^ 1 » • * * j4 

(66) 

g^3 =R +ry^^ 

^k30 E30 +a k30 

^ 1 5 • • * y 4 

(67) 

■£*»2W«3. 

^ 1 ) • • • j 4 

(68) 

^k30“ R 340 +R E40 +CX k40 

^“*1 y • • • y 4 

(69) 


gives 


T 3e +T 3c +R 33 xF 3e" It (J 3*‘ l) 3 )+d 23’ (0 3 _@ 2 ) 

* 4F B30 IC { D 23-p23+(“3-“2)« E 3D-“2 xR 230] 

* K 23-f 2 3 + »3- 9 2> , ' R S 30- 9 2* R 23o]) 

+d 34 -(w 3-“4 ,+k 34 -<9 3- 9 4> 

+4 ®340 +R E4O )a '^34 ' (^ 9 3" e 4 )!fR E4O +9 3 xR 340 


34 


j(co 3 -(D 4 )x: 


3 xR 34o| 


- 4 < R 340 + W * 034 ’ e 34*34 ‘ S 4] 


(70) 
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where: 


(71) 

and 

T 3e = externa l torque applied to body 3 
T 3g = control torque applied to body 3 

R 33 = distance from CM of body 3 to the point of external 
force application on body 2 

writtfrir ~ The rGtational equation of motion for body 4 can be 

" 3 44 xF c 344 = f^W (73) 

Using the same approach outlined for body 1 in coni unction 
with equation (24) and the following relationships ^ 

3 k4 =3 k4O +0 4 x(3 k4O k=1 » — .4 (74) 


g34 =r 0^34 
'k4Q E40 +a k4O 


^ • 1 4 


yields 




-nn -hu ) /- n 

T / ^-Tp+R, ,xf, + - — — - — — -^/p^ +p 4 I 5 61 4 , 

46 H 44 4e M 1 ( 5e +F 6e ) "(7r~) r i x ( F le +F 2e +F 3e +F 4e ) = 

dt (J 4 “4 )+d 34‘ ( V W 3 )+k 34 ' C V S 3 )+4 I W C £m ‘ £v, ' ‘-.i -1 3>' !H K *0 _ ’ 3 =<R .J-'.:)3 

+K 34- E3d'V 0 3^4O- 0 3®340* ^ ^ 

+ r (yyyy (my hit ) 


lm +F 2e +F 3 a +F 4«>- 


r l X£ 23 


: l Xe 34 + 


^ 2 Vn 4 ) 4 4 

M — r i x(r 3 +r 4 } 


r l x( V i? 2 ) 
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where ; 


= external torque applied to body 4 

A 

= hinge torque between bodies 4 and 5 written in body 4 
coordinates 

- distance from CM of body 4 to the point of external 
force application on body 4 

r^ - distance from CM of body 4 to hinge point and is fixed 
in body 4 

4 

r^ - distance from hinge point to CM of body 5 written in 
body 4 coordinates 

4 

r^ = distance from CM of body 5 to telescope interface 

J point written in body 4 coordinates 

4 

r^ = distance from telescope interface to CM of body 6 
written in body 4 coordinates 


Body 5 - The rotational equation of motion for body 5 can be 
written as 


R 55 rf 5e +I 5c«H + ''2 1< W r r aF (J 5-“5> +d 56- ‘W+V <W C77) 

Substituting equations (23) and (24) into equation (77) results 


in 


(m- ) (m,+ni r ) 

R„xF_ JT +T__+ 1 M * r 0 x(F +F^ )- ^ b 

55 5e 5e H M 2 5e 6e y M 


I 2*< F L H *L W L +F 4e> 


(ra -hn 9 -hn„+ra,+m t .) m, , 

H — — — • M ■ — - — r„xF, — r q x(F n +F +F, +F. +F )= -j-(J *oj c ) 

M 3 6 e M 3 le 2 e 3 e 4 e Se dt 5 5 

+d 56 ‘ ( V W 6 )+k 56 ‘ ( V 0 6 )+ Ft ra 5 +m 6 )r 2 4 in 6 r 3 ] xg 12 + ‘ ‘ k" xS 23 




M 


0 


(m t -+m < -)r„+m,r 


5 6 ' 2 6 31 34 




12 3 4 


M 


[(m s +m 6 )r 2-hn 6 r^x ( rj+r. 


+ r 2 +(m 1 +ni2 +in 3 +m 4 ,hn 5 ) r 3 x (r 3 +r^) 
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where : 


T 5 e ~ external torque applied to body 5 

R 55 = distance from CM of body 5 to point of 
external force application on body 5 

F le ,F 2e ,F 3e ,F 4e = external forces applied on bodies 1 thru 
4, respectively, written in body 5 coor- 
dinates 

5 

r l = distance from CM of body 4 to hinge point 
written in body 5 coordinates 

Body 6 - The rotational equation of motion for body 6 can be 
written as 


R 66 xF 6e +T 6e +r 4 xF f a dt C V U 6 )+d S6* C V W 5 )+k 56 (6 6~ 0 5 ) W 

Substituting equation (23) into equation (79) results in 
(m.-hn +m +m.+m ) m,. 

T 6e +R 66* F 6e + “ M V^e" 4 r 4 x(F le^e +F 3e +F 4e^5e> =! 


l? <J 6-“6> +d 5 6-<V“5) +k 56- <e 6- e 5) + T i V E 12 + v e 

m^+nyh, ) _ 1» (m, ) 

+ M' V S 34 + M V«?+h) 


23 


Itl- (m_ -I TUq llil— I ill . 

& 1 2 3 4 5 

M r 4 x(r 3 +r 4 } 


(80) 


where ; 


external torque acting on body 6 

R 66 = di ®tance from CM of body 6 to the point of external 
force application on body 6 

The assumption made in the derivation of the above rotational 
equations of motion is that coordinate frames fixed in bodies 1 

c ru , 4 , are co ~ ali8ned while the coordinate frames fixed in bodies 
and 6 are co-aligned. Hence vectors fixed in bodies 1 thru 4 
are expressed equally in any of the coordinate frames 1 thru 4. 
ectors fixed in bodies 5 and 6 are expressed equally in either 


2-16 


body 5 or body 6 coordinates. The relationship between body 5 and 
6 coordinates and the coordinates of bodies 1 thru 4 is given by 
the direction cosine transformation which describes the trans- 
formation from body 5 coordinates to body 4 coordinates and is given 







a ll 

a 12 

a 13 

T = 
4 X 5 

a 21 

a 22 

a 23 


a 31 

a 32 

a 33 


° rc J er to Gbtain a complete set of equations of motion for 
the six body system being considered three linear equations of mo- 
tion are required in addition to the six rotational equations of 
motion derived above for each of the six bodies. These are needed 
to enable the solution of the relative linear displacements e 

£ 23 and E 34 between bodie s 1 and 2, 2 and 3, and 3 and 4, respectively. 
Tba ^ dnear e< i uat:i - ons motion chosen are equations (1) , (2) , 


Substituting equations (17) and (40) into equation (1) yields 


(m 0 +m +m> - ) 

2 3 4 5 6 


m-, 


M 


F l«- ^ <F 2e +F , e +r 4. +F t + fL > — |-4Cn,,+m 


M 2e 3e 4e 5e r 6e 




n 2 +m 3 +m 4 +m 5 +m 6 ) e ±2 


+4 ®12- e 12 +4K 12 


"1 m i r 

t*’ e l2j " ~M r m 3^4^5^6 )E 23 +(m 4‘^5 +m 6 )E 34l 

m r J 

- iT Q m 5 +m b ) <*i +i? 2 )+m 6 e&tj +4D 12 * (aJ l xR 120 )+4K l2 * < 0 1 xR i 2o > 


-r4D 


12 


' [<h^ 2 >*W) (82) 

Substituting equations (18), (40) and (43) into equation (2) 
results in v ' 
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(■l-tVVVV \ 4 , mm 

M F 2e“ M CF le +F 3e +F 4e +F 5e +F 6e )_ ~M~ e i2 +4D 12* £ 12 


m 2 ^- m 3 +m 4 +m 5 +m 6 ) 4> . "I ra ^ 

+4K 12 ,£ 12 - [] M~ “ £ 23 +4D 23* e 23 +4K 23* e 23 " 


M QW +4D U - |(“ 2 -^ 1 )*R e 2 ^+4K 12 - ^VV^lol 

, ^ D 12‘ ( “l xR 120 )+4K 12‘ (9 l xR 120^ +4D 23 - [(“ 2 -“3>*Ii E 3^+4K 23 . j< VV^o] 


+4D 23* (t0 2 xR 230^ +4K 23 (0 2 xR 230^ 


gives 


Substituting equations (19), (43) and (46) into equation (3) 


m^m^+mj-hn „ A mm C.Cm.-h»„> 

M F 3m- -M^le +r 2e +F 4 e +F 5e +F 6e)‘ TT 8 12 + t M ~~ 8 « 

• "1 fm„(m A -hn +m ) •'» 

+4D 23‘ e 23 +4K 23 ,e 23)“[; M E 34 +4D 34* E 34 +4K 34‘ E 34j 

^ [(m 5 +ra 6 ) (r 1+ r 4 )-m 6 (r 4 +r 4 )j + 40 ^- ^V U) 2 )xR E3o] +4K 23* £ 0 3~ 0 2 )xR E3o] 

"( 4D 23 ,(tJ 2 xR 230 )+4K 23 ,(@ 2 xR 23o] + 4 D 34* ^V Ci) 4 )xR E4o) + 4 K 34* {cV 6 4 )xR E4o] 

+4D 3 4' ( “ 3 xR 34 O ) +4K 34' (0 3 xR 340) (84) 

(54 }’ C62) ’ <70) > (76 >> < 78 >- ««. W2>. (83) and 
( 4) orm the complete set of equations of motion for the six body 
system being considered. Linearizing these equations of motion 

and writing them in complete matrix format results in the follow- 
ing 

T le +R ll * F le =J l‘V 012“ 4 (R 120 +R E20 ) * D 12 ‘ (R 120 +R E2oj ’“l 
+ jk 12 -4 ( R 120 + R E20 ) • K 12 *< R i20 +R E20>) * 0 1 + [ 4(R 12O +R E2O ) * D 12 ,R E2 0 " d 12| ^2 
+ j 4 (R 120 +R E20 ) * K 12* R E20 _k 12| * 0 2 -T lc~ 4(R l 2 O +R E2O ) * D 12 * £ 12 
" 4 ( R 120 +R E20^ * K 12* £ 12 (85) 
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T 2e +R 22* F 2e = ^ R E20* D 12* (R 120 + ^E20 ) “ d 12j * V J 2*“2 
(fl2~ 4R E20* D 12' R E20 +d 23~ 4(R 230 H ' R E30 ) * D 23* (R 230 +R E30^ 
El2- 4R E20* K 12 , ^20 +k 23- 4(R 230 +R E30 ) * K 23* (R 230 +R E30^ * ( 


’ (f (R 230 +R E30 ) 


°23 ,R E30 d 23 


3] *v [ 4 


4 ( R 230 +R E3q) * K 23* R E3O _k 23j* 0 3 


■ T 2e + ( 4R E20* K 12‘ (R 120 +R E30 ) "^ 2 ] * 0 1 +4R E2O * D 12 ‘ ^12 +4R E20 * *12 ‘ G 12 
~ 4 (R 230 +R E30 ) ' D 23 ‘ ^23~ 4 (R 230 +R E30 ) ‘ *23 ‘ £ 23 (86) 


T 3e +R 33 tF 3e = ( 4 ^30 ,D 23‘ (R 230 +R E3G ) - d 23] *V[ 4 ^30* K 23* (R 230 +R E30 ) - k 2 3 ] * 0 2 
W 3S + f 23- 4R E30* D 23* R E3O +d 34- 4 < R 34O +R E4O ) * D 3 4* (R 34Cf R E4<P) *“ 3 
+ 023 _4R E30* K 23 ,R E30 +k 34“ 4 (R 340 +I W ’*34* (R 340 +R E40;j) ‘°3' T 3c 
( 4 ^ R 340 +R E40^ D 34 R E40 _d 34j #a) 4 + ^ R 340 +R E40^ * K 34 * R E4G~ lc 3^ * 0 4 
+4 ^ E 3O* 0 23* e 23 +4R E30* K 23* e 23 -4 ^ k 340^E40^ * 0 34 *^34~ 4 ^ R 340 +R E4O ) * K 34* E 34 (87 > 


— m +m _ m +m 9 -hn +m m 4™ 

“IT 1 -V .«*>- 


EW^’ •“3 + E R E40- K 34- (R 340 +8 E48 > - k 3^) 

+ 634 _4 ' < E40’ D 34‘ 8 E49 ' V ( k 34' 4 Vo' K 34 -R E4o) ’ B 4 

Km 1 +m 2 +m 3 +ni 4 ) (m 5 +ra 6 ) _ _ m fi (in +m_+m.+in / ) - 

-t "M V4W- M 

[“6 ( VV™3 + V - _ -1 . m (m +m A ) _ (in, 

‘t « — ■ k V S 12 + — 2 M 


. m (m +m ) _ (m.+m,) (m,+ra.) 

0) 6 + T *T„+ 1 •* 6 r .«„+ 1 2 5 6 - , g 

o 4 3 H M 1 12 M X 1 b 23 


+ ^ ~ r l -g 34 +4 *E40- D 34‘ R 34 +4l! E40 -K 34 ,E; 34 
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m l +ra 2 +m 4 +m 5 +ra 6 


2 Mr: 


" 4D 23 - '“2 


°WW ,0 2- f D 23' S E3G +4D 34* (R 340 +E E40>| ‘V^ K 23 -S E30 

^ — n m 3 — - 

4 -(5 340 +R K4oJ ,0 3 4 Tf ( ^ 4 "6 )r l - “4 +4D 34- R E4O ,u, 4 +4K 34- R E4O ,0 4 

. m 3 IT —] • m 3 m 6 - . ra 1 m 3 ro„(m +m 

U [*5 +ra 6 )r 2 -m 6 r 3| ’V ~W 4 T 5* r 4*V g 12 + M ~ 

3 * e 23 +4K 23 ’ e 23" [ M £ 34 +4D 34^34 +4K 34* e 34j C 


l m 6 - . m i m Q m„ (m +m ) 

M 4 X 5 r 4 V M E 12 + M £ 23 


. pn„ (m. +m ) 

WB 23- e 23 + «23- e 23- S 3 4 +4B 34- 0 34* 4K 34 


The following definitions are used in equations (85) thru (93) 

J*-dl SS (j te iJ4 yi jJ 


v 1 1U 2 3^ n 4 } d 

+ M. 


• +r ) 
ly lz ; 

" r lx r ly -r lx r lz 

•r r 
lx r ly 

, 2 .2 . 

“ r ly r Xz 

r, r, 
lx ljj 

~ r ly r lz ( r lx +c ! y : 
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r "? 

i f 

i i 


; i 

F : 


! I 

1 t 

.1 ; 


} * 
5 f 
i-J 


* 

J^-diag 


U *( d 5*'V J 5z] 


(m^+m2 +m 3+ n i^) 

IT 


2 . 2 , 
(r 2y +r 2z ) 

“ r 2x r 2y " r 2x r 2z 

“ r 2x r 2y 

(r 2x +r L> -r 2y r 2z 

~ r 2x r 2z 

- r 2y r 2z <4 +r 2y> 


nig 

’ (r 3y +r 3z> 

3x 3y 
, 2 2 

~ r 3x r 3z 

V M 

" r 3x r 3y 

<r 3* +r 3z> 

” r 3y r 3z 


r 3x r 3z 

_r 3y r 3z 

<4 + 4> 


, VVVVV 

M 


m 6 (Ta 1 -fm 2 +m 3 +m 4 ) 

~ W 


^ c 2y r 3y +r 2z r 3z^ 

" r 2y r 3x 

r 2z r 3x 


(r 2y r 3y +r 2z r 3z ) 

_r 2x r 3y 


“ r 2x r 3y 

(r 2x r 3x +r 2z r 3z ) 

~ r 2z r 3y 


r 2y r 3x 

( ' r 2x r 3x +r 2z r 3z^ 


j 

L 

r 2x r 3z 

-r 

2y r 3z 

j 

J 

J 6- dia8 [ J 6 X ! J 6y ;J 6z] 

mg Cm^^Tn^^^-hn^+m^ ) 

r, 2 , 2 , 

X 4y r 4z^ 

r 4x r 4y 

/ 2 2 y 

“ r 4x r 4z 


+ “ I 

" r 4x r 4y 

<E 4* +r 4z ) 

" r 4y r 4z 

1 

|. 


r 4x r 4z 

“ r 4y r 4z 

,22, 
(r, +r. , 
4x 4y 


“ r 2x r 3z 

-r 2y r 3z 

(r 2x r 3x +r 2y r 3y ) 


“ r 2z r 3x 

“ r 2z r 3y 

(r 2x r 3x +r 2y r 3y^ 


(.96) 
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(95) 


(m 1 +m 2 +jn 3 +m^) 




(r 2y r 4y +r 2 Z r 4 Z ) 

~ r 2x r 4y 


_r 2y r 4x 

(r 2 Z r 4 Z +r 2x r 4x> 


“ r 2 Z r 4x 

r 2 Z r 4y 


nig (m 1 +m2 +m 3 +m 4 ) 

M 


_r 2x r 4z 

“ r 2y r 4 Z 

(r 2x r 4x +r 2 

3y r 4y +r 3 Z r 4z ) 

r 3y r 4x 

~ r 3z r 4 

r 3x r 4y 


" r 3 Z r 4 

" r 3x r 4 Z 

r 3y r 4z 

(r 3x r 4x +r 3 

r 4y +r 2z r 4 Z ^ 

~ r 4y r 2x 

-r 4z r 2x 

-r 4x r 2y 

4x r 2x"*" r 4 z r 2 Z ^ 

” r 4 Z r 2y 

" r 4x r 2z 

_r 4y r 2z 

(r 4x r 2x +r 4y r : 


( r / In +r, ) — t, i 

m, (m +m +m_4m, +m_ ) 4y 3y 4z 3z ^ 3x 

, o 1 2 3 4 5 

** ' M ~ r 4x r 3y ( r /. v r *„ +r /... r oJ 


" r 4x r 3 Z 


-r , r„ 
4y 3x 


‘4x 3x 4z 3z J 
r 4y r 3 Z 


r 4z r 3x 


“ r 4z r 3y 

(r 4x 4 3x +r 4y r 3y ) 




E 


0 


R 340 


340z 


-R 


340y 


-R 


340z 

0 

l 340x 


R 


34 Oy 


-R 


340x 

0 


0 

1 

sT 

to 

O 

N 

R E20y 

R E20z 

0 

_R E20x 

'^oy 

R E20x 

0 

0 

_R E30z 

^SOyl 


^305 


^40 


R, 


E30x 


-R. 


E30x 

0 


0 

_R E40z R E40y 

P* 

O 

N 

° _R E40x 

R E40y 

R E40x 0 



0 

" r lz 

r iy 

r r 

r- 

Iz 

0 

_r lx 


: -r- 

iy 

r lx 

0 


0 

~ r 2z 

r 2y 

r 2 = 

r 2z 

0 

_r 2x 


~ r 2y 

r 2x 

0 


( 101 ) 


( 102 ) 


(105) 


( 106 ) 
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0 ).= 

J 


W. . 

JX.I 

w. 

jy 

0 ). 

J z , 


j 1> • • • * 6 


(113) 


F. = 
je 


jex 

F. 

jey 

F. 

L 3 ez _ 


J “ 1| * • • >6 


(114) 


T. = 
je 


jex 

T. 

-jey 

T. 

JGZ 


j I* • * * >6 


(115) 


R. .= 
JJ 


R. . 
Jjz 

-R. . 
jjy 


-R. 


Jjz 

0 


R. . 

3JX 


R 


jjy 


-R. 


Jjx 

0 


j 1» • • • » 6 


(116) 


4 T 5 'S T 4- 


r« u 

a 2f 

a 3l" 

a 12 

a 22 

a 32 

a l3 

a 23 

a 33 

form 

J 

the complete 


(117) 


addition* hT r X DOay system being considered. The one 
of the si v K h H n8 re p ir ® d fe f s P e cify the complete mathematical mode 
of the six body system is the definition of all the possible contro 
torque equations that can act on the system. For the three IPS op- 
tions (i.e. , I0G, SEPB, and Floated Pallet) being considered in cL 
study the control on body 1 (l.e., , > J* r^nt^the && 

is zero for the following reason. 
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When considering the operation of the IOG or SEPB the orbiter 
vernier RCS is controlling the orbiter vehicle which operates essen- 
tially independently from the SEPB or the IOG. The disturbances 
applied to the system due to RGS firings are negligible when com- 
pared to the manned motion disturbance and hence can be neglected. 
When considering the Floated Pallet, the orbiter vernier RCS is 
inhibited and the complete system Including the orbiter is con- 
trolled via a cluster of pallet mounted double gimbal control mo- 
ment gyros. 

The control torque structure is assumed to be in all cases 
a linear combination of rate, position, and the Integral of posi- 
tion. Throughout it is assumed that system rate is measured by a 
set of rate gyros whose output is integrated twice to obtain system 
position and the integral of position thus enabling the formation 
of the command control torque vector. The control torque T^ can 

be formed by information derived from a set of rate gyros mounted 
either on body 2 or 3. Assuming the gyros to be mounted on body 2 
the control torque command vector can be expressed as 


where : 


[ =- K 

2c *Rp 

comm L 


0 ) 


+K ■ 
2 m pp 


2m 


+K. 


ip 



and 


aJ 2m = measure< * rate of body 2 



= floated 

pallet rate gain 



K =- floated 

Pp 

pallet position gain 



K_ = floated 
Ip 

pallet integral gain 




V dla e 

j>x !l W K 

— i 

Rpz 

(119) 


S =dlag 

[V'-Sy* 

L. 

Ppz 

(120) 


K lp =dia8 l 

K t ; K_ ;K 
Ipx’ Ipy * 

Ipz 

- 

(121) 


The relationship between the actual and measured system rate 
assuming second order sensor dynamics can be written as 
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( 122 ) 


W m2 


03 


ns 


2 2 
S +2? 03 S+03 

s ns ns 


03 n 


where : 


03^ s = gyro natural frequency 
? s - gyro damping ratio 

The relationship between the command torque vector and the 
actual torque vector applied to the vehicle assuming second order 
control moment gyro dynamics is given by 


T = 
2 c 


0) 


na 


2 2 
s +2g 0) s+o) 

a na na 


2c 


C123) 


comm 


where: 


a) = actuator (GMG) natural frequency 
na 

S = actuator (GMG) damping ratio 

Substituting equation (122) into equation (118) and in turn 
substituting the results into equation (123) gives 


T =- 
2c 


03 


na 


2 2 
s +2g 0 l) sto 
a na na 



2 ^ 

03 

ns 

2,r 

, . 2 

s +* 

It (1) S+0) 


s ns ns 


\p*“2 +K Pp* 0 2 +K Ip' 


(124) 


If the rate gyros were mounted on body 3 the control torque 
is given by 


T =- 
2c 


03 


na 


2 9 

s +2£ 03 S+03 

a na na 


0) 


ns 


2 2 
s +25 03 S+0) 

s ns ns 


0. 


VVVVV' 


(125) 
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3 ca„ D be\ e r “Lr:: aPPr °“ h as abOVe the “"»° 1 “"I"- « body 


OJ 


T =- 
3 c 1 


T =-| 

3c 


na 


2 ~T~ 

s +2C a) s-Hi) 

a na na 


w 


ns 


U) 


na 


s 2 + 2 ? a) s *fu ) 2 
s ns ns 


0 J 


!wvv%4 


(126) 


s 2 +2 C to s+oj 2 . 
a na na 


ns 


|s 2 +2C to s+to 2 
' S ns ns 


K Rp-"2 +K Pp- 9 2 +K Ip4 


(127) 


Wng/torpu«\ 5 TJ,^ P r i ‘ Ch . aS ab0V<i f ° r 1«eml„a t ion of the 
q T h realizing that the hinge cannot be moved hence 

it always applies torques to bodies 4 and 5 but that the vat- 0 
gyros can be mounted on body 5 or 6 the following results 


T =~ 
R 


T =- 
R 


CO 

nT 

r 2 

to 

ns 

- 

s-KO 

nT 

s 2 +2? to 

__ 2 
S+(0 

__ _ 

_ s ns 

ns 

"to "" 

nT 

r 2 

oo 

ns 

-) 

s+to m 
nT 

s 2 +2£ to 

. 2 
S+OJ 

_ __ 

s ns 

ns 


*156 ‘“6 +K P6 ' 0 6 +K I6 — I 


iK R6’" , 5 +K l. 6 - IS 5 +K I6-i 


where : 


(128) 


(129) 


1_ . 

to gxmbal torquer time constant 
nT 

^6 = te l es c°pe rate gain 
Kpg = telescope position gain 
K I6 = telescope integral gain 
Additionally 


K R6 =d±a8 ( 

^R6x ;K R6y ;K R6^j 

K P6 =dias ( 

^6x ;K P6y ;K P6^ 

K I6 =d±ag ( 

^I6x ;K I6y ;K I6a) 


(130) 

(131) 

(132) 
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In the derivation of the hinge torques it is assumed that the 
gimbal torquer has first order dynamic s. It should be noted that 
at no time can more than ohe of the control torques defined in 
equations (124), (125), (126), (127), (128) and (129) be acting 
on the six body system. 

Equations (85) thru (93) in conjunction with equations (124) 
thru (129) constitute the linear mathematical model of the IPS. 
This model was programmed on a digital computer and used in the 
evaluation of the three IPS options, the IOG, SEPB and Floated 
Pallet. Each of these systems can be obtained from the IPS model 
defined above by proper initialization in the following manner. 

To obtain the IOG, the suspension parameters between bodies 1 
and 2, i.e., ^±2* ^2 an< ^ ^12 are se *- *-o * e flect a struc- 

tural interface while the suspension parameters between bodies 
3 and 4, i.e., d^, an< ^ K 34 are set to reflect the IOG 

suspension characteristics. The control torques T 0 and T„ are 

2 c 3c 

identically set to zero. To obtain the SEPB the suspension para- 
meters between bodies 1 and 2 and 3 and 4 are set to reflect a 

structural interface while the control torques T and T are 

2c 3c 

set identically to zero. In addition r 0 +r„+r. «1 which means 

2 3 4 

that the gimbal suspension is close to the telescope center of 

mass. To obtain the Floated Pallet d q/ , k q/ , to K q/ and T tT 

34 34 34’ 34 H 

are identically set to zero while the suspension parameters be- 
tween bodies 1 and 2 are set to reflect the floated pallet sus- 
pension characteristics. 

2*1.3 Parameters for IPS Pointing Performance Evaluation - 
Tables 2-1, 2—2 and 2—3 list the nominal parameters that were 
used to evaluate the pointing performance of the IOG, SEPB and 
Floated Pallet, respectively. Table 2-4 lists a set of general 
control gain functions from which the gains for any loop band^ 
width for arbitrary inertia can be computed assuming a control 
law structure of rate, position, plus integral of position. 

2*2 S_lewing Model - The sections that follow will outline 
the derivation of the mathematical model employed for slewing. 

2*2.1 Translational Equations of Motion - Referring to figure 
2—4 and using the same nomenclature as defined above the following 
translational equations of motion can be written for the system 
depleted. 
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ti ti 





T 


[ 

{ 


F le +F cl2 =ra lPl 

(133) 

F 2e" F cl2 +F H =ni 2 P2 

(134) 

F 3e- F H =m 3 P 3 

(135) 

3 


X! F je =M P 0 ; M=3(m 1 +m 2 4m 3 > 

(136) 

1=1 


Additionally from the geometry shown in figure 2-4 

we have 

p r p 0 +R i 

(137) 

P 2 =P o +R 2 

(138) 

p 3=P o + R 3 

(139) 

From the definition of the composite system center 

of mass 

m l R l +m 2 R 2 +m 3 R 3 =0 

(140) 

Also from geometrical considerations 


W R 120 +£ 12 

(141) 

R r R l +R 120 +E 12 +r l +r 2 

(142) 

soivinfL^Lir^ 0 " 5 (141) “ d <142) a*n - 

R i- m (< W 0W*i2>*»3 <V*2>) 

(143) 

ass/and^T 1118 ^ quat ? ons < 139 >> C143) and (136) into equation 
(135) and solving for the hinge force yields 

V M (^ m l +m 2 ) F 3e~ m 3 (F le +F 2e ) “ ra l m 3 £ 12' m 3 < V 1 ^ > <V i? 2 ) 

(144) 
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The compliance force between bodies 1 and 2 of the k th iso- 
lator can be written as 


F cl2k K 12’ S 12 +D 12 ,£ 12 +K 12 


* 1 ( 3 12 - 

r k2 


G^ 2 \_/o 12 _g!2 

P k20' ^kl \l0 




( 145 ) 


Substituting equations (29) thru (34) into equation (144) 
results in 


F cl2rt2 - [ E 12 +(8 2- 0 l )xR E2O- 0 l xR 12O +(e 2- 0 l )xa k2o] 

W 12'[ e 12 +( "2^1 )xE E20 +( V“l )xa k20'“l’ dl 12o] 


However 
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el2 "cl2k 

k=l 


which yields 


(146) 


(147) 


F cl 2 4K 12 *[ e i 2 +(0 2 0 l )xR E2O" 0 l xR 12^ +4D 12*^12 +( V a) l )xR E2O~ lll l xR 12o] (148) 

A force equation will be required in order to solve for £ # This 

equation is obtained by substituting equations (148), (143) and (137) 
into equation (133) which results in 


m 2* m 3 


M 


+4D • 

12 


F l e "'M (F 2e +F 3e ) -[^ ( "2' h "3 )S 12' MD ' E 12 +4K 12’ e i2] 

[ <a 1^2 )xR e 2O to l xR l 2 ^ K l;,/[( 0 i-O 2) *:S : 2O«l« R l2^| 


M ^ r l +r 2 ) (149) 


2 * 2 * 2 Rotational Equations of Motion - The following para- 
graphs will develop the rotational equations of motion of the 
system depicted in figure 2-4. In this development it will be 
assumed that the coordinate frames of bodies 1 and 2 are aligned. 
However, the coordinate frame of body 3 can be at an arbitrary 
orientation with respect to bodies 1 and 2. 
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f •: 


i f 

1 f 
s ; 


bo dy 1 - The rotational equation of motion for body 1 can be 
written as 3 


*T 

T -HR- xF + V 3, 12 xF = i-fj .a) } 

le 11 le P kl cl2k dt^l *V 


(150) 


k=l 


. S “ bsti t u ting equations (29), (33) and (146) into equation (150) 
a u the indicated summation eliminating second order terms 

T le +R il xF le = IE ( W +d 12* (t V W 2 )+k 12* (0 1~ 0 2 ) 

• H(E 120 +E E20 ) ^12- (<VV*Vo + “l xR 12o] 

+K 12‘ j‘ 0 r e 2 ),dt E2O +0 l Idt 12o|- 4 < R 12O +R E2O >X (J > 12 -; i2 +K 12 -,? 1 ^ < 15l > 

Body 2 - The rotational equation of motion for body 2 can be 
written as 

4 


T„-T +R. 10 xF, 


‘ 2 e -‘H™ 22 “ 2e - E frcl 2 k tr A = 31 T< J 2 , " 2 > 052 ) 

k=l 


.. n Substituting equations ( 30 ), ( 34 ), ( 144 ) and ( 146 ) into equa- 
tion ( 152 ) and eliminating second order terms gives 

(m^-l-m^) 2 m^ ^ 

T 2 e +R 22 * F 2 e + —5— r l* F 3 <T ~M V < F le +F 2 e > ’ 3 fW 2 >» 2 )« 12 * <«> 2 -“l> 


-He 


2 • (9 2 -«i)«v{“l2 • |<V“i )xE E20-“i JcB 12o] +K 12 ' (< VV^WV^} 

‘l m 3 .. ,, r m (m +m ) „ 

— r l xe i2 +4R E20 X £12* R 12 +R 12* E 12j + — "m ^ (153) 


where; 


F 3e external force acting on body 3 written in body 2 coor- 
dinates 


T H hinge torque acting on bodies 2 and 3 written in body 2 
coordinates 
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' 2 ■ So^ a 2 C cof™„«er POl " t “ “ ° £ b ° dy 3 <rei ““ *" 

expressed as" r °‘ al:ional e<! * ,a,:lo[1 of motion for body 3 can be 


V I 3e +R 33* r 3« +r 2 ItF H = (154) 

Substituting equation (144) into equation (154) yields 
(m +m ? ) m 

3e +R 33 XF 3e + ~tT~ V^e" -g V^-H^)- 
_ T . m l m 3 ..3 “,0^-hn,) 

V T r 2 xe l2 + “m— *2 x «i-*2> (155) 

where : 

3 3 

lt? 2e written in body^^rdirites 88 1 md 2 * res P eG tivel : 

^ ' S S Sy e 3 f ^L1ar dy 2 * “"•* Fai “‘> "*«* 

Rewriting equations (149), (151) n mi , / Ki ., , 
form yields k ant * (135) in matrix 



( 156 ) 



J*=aiag 


|^3x ;J 3y ;J 3zJ N 


m 3 

M 


, 2 . 2 . 
(r 2y +r 2 Z > 

_r 2x r 2y 

" r 2x r 2z 


r 2x r 2y 
, 2 . 2 , 
(r 2x +r 2z ) 

~ r 2y r 2z 


■“ r 2x r 2z 


’* r 2y r 2z 
,2 2 . 
(r 2x +r 2y 


0)„ 


3z 


-CO 


-CO 

0 

U)„ 


3y 


CO. 


3z 3y 


-to 


3x 
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and 2 T 3 is the trans formation from body 3 to body 2 coordinates and 
is equal to 


T = 
2 a 3 


a ll a 12 


21 


'31 


13 


a 22 a 23 


a 32 a 33 


(163) 


T T = 
2 3 3 2 


a ll 

a 21 

a 31 

a 12 

a 22 

a 32 

a 13 

a 23 

a 33 


(164) 


An assumption inherent in equations (156) thru (159) is that 
the nonlinear Euler, centrifugal and Coriolis terms are negligible 
or bodies 1 and 2. Equations (156) thru (159) form the complete 
set of equations of motion of the system shown in figure 2-4. 

It now becomes necessary to define the control torques and 
the computation scheme for updating The control torques are 

given by 

2 


T =- 
H 


0) 


nT 


s+oo 


nT 


0) 


ns 


and 


2 9 

s +2 £ (A) s+oj 

s ns ns 


* 

V 


5u , V' K P3‘V K i3-i 


3 

s 


(165) 


3e‘ 


where: 


K R3 =diag 




■ U, 3c ) 

(166) 

- 0 3c> 

(167) 

W 3c dt 

(168) 

: ;K R3y ;K R3zj 

(169) 

: ;K P3y ;K P3zj 

(170) 
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0-71) 


K I3 =diag ^ I3x ; K I 3 y ;K I3z J 


= rate command vector 
{^ 3g = angular position command 


The computational scheme for 
lowing equation 


updating ^ is given by the fol- 


2^3 2 T 3*“3 


(172) 


Equations (156) thru (159), (163) and (172) form the slewing 
model used to evaluate IOG slewing performance. 

Table 2-5 lists the parameters that were used in the IOG slew- 
ing simulation. 
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TELESCOPE 



Figure 2-4 « IPS Schematic Diagram 
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Table 2—1. IOG System Parameters 


m^=72,496 kg 

J 4z =50 * 21 k 8'-m 2 

IH2 :=: 5,398 kg 

74,63 kg~m^ 

w 3 =2,699 kg 

J 3 y=lG0.4 kg-m 2 

m 4 =195 kg 

J 3z = 74.63 kg-m 2 

m^==293 kg 

j 6 x =2 * 26x1 ° 3 k e _m2 

ra 6 =2.39xl0 3 kg 

J 6y =1.98xl0 3 kg-m 2 

M=8. 35xl0 4 kg 

J 6 z =2 * 53x1 ° 3 k 8- m2 

J lx =1.00xl0 6 kg-m 2 

•A 

n --15 .24 1 m 

- LJ - X 

J ly =7.44xl0 6 kg-m 2 

R 120 =-1 ' 87 l x +0 ’^ 39 1 z m 

J ^ z = 7. 65x10^ kg-m 2 

R 230 =0 

J 2x =7.25xl0 3 kg-m 2 

R 340 =0 * 375 1 z 111 

*^ 2 y == ^ * 58xl0 4 kg— m 2 

R E20 =sO 

8^x10^ kg-m 2 

R E30 = ° 

J 3 x = 3 . 63xl0 3 kg-m 2 

W 0 - 375 h m 

J 3y~^* 29x10^ kg-m 2 

^=0.375 l z m 

J 3z =4.42xl0 4 kg-m 2 

r =0.375 1 m 

^ z 

J 4 x = 50.21 kg-m 2 

A 

r =0.375 1 m 
3 z 

^4y“50 • 21 kg— m 

A 

1 m 
H z 

* 
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Table 2 1, IOG System Parameters (Continued) 


°12x P 12y P 12z 4 ( m 2 +m 3^ 27Tl n 12T 2 *54xl0 t“ 254 n-sec/rad (nominal) 

K 12x K 12y K 12z 4 ^ 2irl n 12T^ =2 * 99x10 ^ n i2T = ^ * 99xl0 4 * n-sec/rad (nominal) 

d 12x~ 2 ^ ,Q1 ^ ^ J 2x' l ~ J 3x^ 2TTf nl2Rx =1,367xlQ3 f nl2Rx =1 ‘ 367xl ° 3 (n-m-sec) /rad (nominal) 
d 12y“ 2 ^’ 01 ^ J 2y +J 3y^ 2irf nl2Uy~ 1 * 617xl ° 4 f nl2Ry =1 * 617x10 ^ (n-m-sec) /rad (nominal) 
d 12z 2 ( • 01 ) ^- J 2z +J 3z^ 2irf nl2Rz =1, 666x10 ^ f n 12Rz =1 * 666xl ° 4 (n-m-sec) /rad (nominal) 
k 12x =(J 2x +J 3x )(27rf nl2Rx )2=4 - 295xl ° 5 f nl2Rx =4 * 295x105 ^/rad (nominal) 
k 12y ^ 3 2y +d 3y^ 2xl nl2Ry^ 3,081x10 ^nl2Ry = ^ * O^lxlO 6 n-m/rad (nominal) 
k 12z~^ J 2z +J 3z^ 27Tf nl2Rz^ =5- 235x10 f nl2Rz =5, 235xl ° 6 n-m/rad (nominal) 

P 23x P 23y _P 23z ^4 m 3^ 2irl n23T^ =84,8 f n23T =84 * 8 n-sec/rad (nominal) 

^23x ^23y K 23 z T^ ir ^n23T^ = 2* 66x10 ^ n 23T = ^* 66x10^ n/rad Cnominal) 

d 23x 2 ^' O1 ^‘ 1 3 x 27rl n23Rx~ 4 * 3 ^ 2x20 1 n23Rx =4, 362x10 (n-m-sec) /rad (nominal) 

d 23y =2 ( ’ 01) J 3y 2lr£ n23Ry =5 * 39xl ° 3 f n2 3Ry =5 * 39xl ° 3 (a-m-sec) /rad (nominal) 
d 23z =2( - 01)J 3z 27 rf n 2 3R 2 =:5 - 554xlG>3 f n23Rz =3,354xl ° 3 (n-m-sec) /rad (nominal) 
k 23x _J 3x ( ’ 2irf n23Rx^ =1 * 433xl ° 3 f n23Rx =1,433xl ° 5 n-m / racl (nominal) 
k 23y -J 3y ^ 27r ^n23Ry^ =1 * ® 94x10 ^ n 23Ry =1 * 694xl0 6 n-m/rad (nominal) 


k 23z J 3 Z ( 2irf n2 3R Z ) 1.745x10 f n23Rz -1, 743x10 ^ n-m/rad (nominal) 


3 — — — — ■ — ■ — 

K 34 x =K 34y =K 34 z ==2 ♦ 5x10 n/m (nominal) 


2 

P 34x -P 34y =P 34z =2 ’ 68x10 n “ seG /m (nominal) This value of damping yields a 

damping ratio of 0.1 when the 

mass considered is m,+ra c -hn,. 

v 5 6 



Table 2-1. IOG System Parameters (Concluded) 


34 2 

d 34 x = ^ D 34 2 ( a i4Qy) (n-m-sec) /rad (nominal) 

2 ~ ~ ~ 

d 34y = ^ D 34 z ( a 1 4 0x ) =66.9 (n-m-sec) /rad (nominal) 

d 34z =4D 34 y ^ a l40 x ) 2+4D 34x^ a 140y^ 2=133 • 8 (n-m-sec) /rad (nominal) 


34 2 

k 34 x = ^ K 34 z (“ 1 4Q y ) =625 n-m/rad (nominal) 


k 34 y - 44K 34 z (^4 0x ) 2 =625 n-m/rad (nominal) 


k 34z _4K 34y^ a 140x^ 2+4K 34x^ a 140y^ 2 ~ ;l " 25x103 n_m ' /rad (nominal) 


34 34 34 

a 140x =a 140y =a i40 Z =0 * 25 m 


d 56x =2 (* Q1 > J 6x 2 ^ £ n56Rx =2 • 84x10 f n5 6Rx 


d »2(.0i)J 2iTf =2.488xl0 2 f M 
56y 6y n56Ry n56Ry 


d 56z- 2 <- (>1 ) J 6z ^ n 56R z =:i - 179jlle|2 ^n56Rz 
Sey-Jsy^^nssily^- 7 - 817 ^ 04 4>6Ry 


k 56z- J 6 Z < 2,rf „56Rz> * nS6Rz 
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Table 2-2. Parameters for SEPB 


A A 


E-. i =-15 . 24 1 m (-50 1 ft) 

-LX X X 

J,=2.402xl0 3 kg-m 2 

A ^ ^ A 

4 

R 120 = “ 1,87 1 x + * 429 1 z m <“ 6 - 125 \ +1-408 1 ft) 

J 4y =2.102xl0 3 kg-m 2 

m^=72,496 kg 

J 4z =2.603xl0 3 kg-m 2 

m 2 =5 , 081 kg 

J 5x = 4,437x1 ° 2 kg-m2 

ni2=2,541 kg 

J 5y =1.224xl0 3 kg-m 2 

m^=675 kg 

J 5z =1.54lxl0 3 kg-m 2 

m2=287 kg 

J 6x =2.265xl0 3 kg-m 2 

m 6 =2,jy0 kg 

J 6y =1.981xl0 3 kg-m 2 

Jj^l.OOxlO 8 kg-m 2 

J 6z =2.532xl0 3 kg-m 2 

J ly =7.44xl0 6 kg-m 2 

R 2 3r 0 

J^ z =7 . 65xl0 8 kg-m 2 

R 340=* 9332 K m 

J 2x =7.237x 10 3 kg-m 2 

A 

r 1 =2 1 ra 
J- z 

J 2y =8.576xl0 4 kg-m 2 

r 2 =0 

j 2z =8.838x 10 4 kg-m 2 

r 3 =0 

J 3x =3.618x 10 3 kg-m 2 

* 

II 

O 

J 3y =4.288xl0 4 kg-m 2 

R E440~“ 2 1 z ra 

J 3z =4. 419x 10 kg-m 2 

R E220~ R E330 =0 
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Table 2-2. Parameters for SEPB (Continued) 


? ( Ql) 2 9 

D 12x“ D 12y~ D 12z = 4 ( ro 2 +ra 3 ) (27r)f n 12T _2 * 395x10 f nl2T =2, 395x10 *sec/m (nominal) 

j 2 

K 12x ^12y ^12 ^"^4 ^n^T -7, 523x10 ^nl2T =7 * 523x10 n / ra ( norn ^- na l) 

°23x D 23y~°23z~ *4 m 3 ^ 27r ^n23T -79 * 83 1 n 23T = ^ 9 ’^ 3 n-sec / m (nominal) 

^23x = ^23y~ K 23z = ~ 4^ 2ir ^ 1 n23T =2 * 508x10 ^ ^n23T~ 2 * 508x10 ^ ( nom -*- nal ) 

D 34x =D 34y~ D 34z == ^ 2 ^* 01 ^ m 4 +m 5 +m 6^ 27r ^n34T =1 * 053xl ° 2 ^ n 34T =1 * 053xl ° 2 n " sec / m (nominal) 

K 34x" K 34y =K 34z° 4 (m 4 4in 5 +ra 6 )(27r)2 f n34T =3 ' 308xl ° 4 308x10* n/m Nominal) 

d X2x =2 ^* 01 ^ J 2x +J 3x^ 27r ^ f nl2Rx =1 * 36 ^ xl ° 3 f nl2Rx =1 * 36 ^ xl ° 3 (n-m-sec) /rad (nominal) 

d 12y =2 ^* 01 ^ < ‘ J 2y +J 3y^ 2lT ^ f nl2Ry =1 * 617x10 ^ f nl2Ry =1 * 617xloi! * Cn-m-sec) /rad (nominal) 

^12z (-01) ^2z + ^3z^ (2it) ^nl2Rz = ^ # 666x10^ (n-m-sec) /rad (nominal) 

^X2x = ^ J 2x +J 3x^ 27r ^ 1 nl2Rx = ^‘ 285xl ° 3 1 nl2Rx = ^ # 285xl ° 3 n_ m/rad (nominal) 

* c 12y = ^ 3 2y +3 3y^ 2ir ^ 1 nl2Ry =5,079x10 ^ ^nl2Ry~ 5 ’ 079x10 ^ n-ra / rad (nominal) 

^12z = ^2z + ^3z^ *nl2Rz = “* # ^34x10^ f^x2Rz = ^ * 234x10^ n-m/rad (nominal) 

< ^23x =s ^ ^ ^(2*) ^ n 23Rx = ^ * 547x10 ^ n 23Rx~^ * 547x10^ (n-m-sec) /rad (nominal) 

d 23 y = ^*°n J 3y^ 7r )^ n 23By“^*^®® x1 ® 3 1 n23Ry =5,388xl ° 3 ( n-m-sec ) /rad (nominal) 

^23z =2 ^* 01 ^ J 3z^ 27r ^ f n23Rz =5 * 553xl ° 3 f n23Rz~ 5 * 553xl ° 3 ( n-in “ sec ) /rad (nominal) 

fc 23x =,J 3x^ 2ir ^ ^n23Rx =1 *^ 28xl ° 3 f n23Rx =1 ** 28xl ° 3 n “* n / rad (nominal) 

k 23y =J 3y^ Z7r ^ f n23Ry =1 *^ 93xl ° 6 f n23Ry =1 * 693xl ° 6 n-m / rad (nominal) 

^ C 23z == ^3 ^n23Rz = ^*^^ x ^®^ ^n23Rz~^* 745x10^ n-m/rad (nominal) 
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Table 2-2. Parameters for SEPB (Concluded) 


^34x ^34z^ a 140y^ ^n34T~^*^ ^n34T~^’^ (n-m-sec) /rad (nominal) 

d 34y 4D 34z^ a i40x^ 1 n34T~ 28,33 f n34T =28,33 (n-m-sec)/rad (nominal) 

d 34z 4D 34z ^HOx^ +4D 34x^ a i40y^ ~ 52 * 65 f u3 4T =52 ‘ 65 ( n ~ m_sec )/rad (nominal) 

k 34x =4K 34z (pt 140y )2=4(3 - 308xl ° 4 )(- 2 5) 2 f 2 34T =8.27xl0 3 f^-8. 27xl0 3 n-m/rad (nominal) 

k 34y =4K 34z (a l40x )2=4(3 - 308xl ° 4 H- 2 5) 2 ^ 34T -8.27xl0 3 f ^-8. 2 7xl0 3 n-m/rad (nominal) 

k 34z 4K 34z ^ a i4Qx^ +4K 34x^ a l40y^ “ 1 *654xl0 4 f 2 34T =1.654xl0 4 n-m/rad (nominal) 

d 56x" 2 ^ 01 ^ 27r ^ J 6x f n56Rx“ 2 * 846xl ° 2 f n 56Rx Cn.^ra-aec)/rad 

d 56y _2 ^ 01 ^ 27r ^ J 6y f n56Ry =2 ' 489x10 f n 56Ry ( n ~ m -see)/rad 

d 56z~ 2< '* 01) (2ir)J 6z f n56Rz =3 * 182xl ° 2 f n 56Rz < n “ m “ s ec) /rad 

k 56,<- J 6 X (2,,)2 ^Sibr 8 - 942 * 104 f2 56Rx n-n/rad 

k 56y- J 6y <2 " , ‘ : f n56Ry- 7 - 821ltl ° 4 4i 6Ry n-m/rad 

k 56z =J 6z (27r)2 f n56R Z =9 - 996xl ° 4 f n56Rz n ‘ m/rad 
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Table 2-3. Parameters for Floated Pallet 


m 1 ~72,49t'< kg 
m 2 “7 , 338 kg 
m^=3,662 kg 

00x10** kg-m^ 

47x10^ kg-m^ 

J lz =7.67xl0 6 kg-m 2 
J 2x = 14,247 kg-m 2 
J 2y =92,881 kg-m 2 
kg-m 2 

J 3 x ~ 7 ,123 kg-m 2 

^^“46,-441 kg-m 2 

J 3z =45,305 kg-m 2 

m 0 +m 0 ' " ~ ‘ — — — — 

_ c 3 /0 2 

12x 4 ' ^nl2Tx^ n/m (nominal) 

m 0 +m o 

L2y 4 ^ ^n^Ty^ “^19 n/m (nominal) 

nu+m.. 

_ l 3 . 2 

-2z 4 * 7f ^nl2Tz^ n/m (nominal) 

ra 2 +m 3 

2x 4 2C.1) (27Tf nl2Tx )=229 n-sec/m (nominal) 

m 2 +m 3 

2y 4 2 (. 1) (2Trf n1 2 q>y)=229 n-sec/m (nominal) 

2z 4 2 (-l) ( 2 irfni2 Tz )-l 2 9 n-sec/m (nominal) 

12 2 

2x -Z * K 12z ^ Q 120y^ ~ 8 >401 n-m/rad (nominal) 


Table 2-3. Parameters for Floated Pallet (Continued) 

12 2 . ' ' 
k 12y -4K 12z ^ a 120x^ =2 ^»65G n-m/rad (nominal) 


r 


k 12 2 - 4 (_ K l2y 2+K 12 x ^Oy) 


3" 5 ’ 


340x10 n-m/rad (nominal) 


d 12x 4 ^ D 12z^ a l20y^ =2 ’ 682 (n-m-sec)/rad (nominal) 

12 2 

d 12y -4D 12z ^“l20x* =6 ’ 912 (n-m-sec)/rad (nominal) 

[ 12 2 12 

°12y^ a l20x^ +D 12x^ a 120y^ J =17 » 030 (n-ra-sec) /rad (nominal) 


k 23x =J 3x (27rf n23Rx ) ‘ 

k 23y =J 3y (2Trf n23Ry r 

k 23z =J 3z (27rf n23R z ) " 


d 23x* 2 <* 


3x v n23Rx 


.) 


d ^3y~ 2 ( ’ °1) J 3y ( 27 r f n23R y) 

d 23 Z =2( - 01 ) J 3z ( 2 7rf n2 3R z ) 


K 23x K 23y~ K 23z 4^ 2,rf n23T^ 

D 23x =D 23y =D 23z = ~f (2) (<01 > ( 2lrf n23T ) 
K 34x =K 34y =K 34z =0 
D 34x =D 34y =D 34z =0 
k 34x =k 34y =k 34z =0 


d 34x d 34y d 34z~® 
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Table 2 3. Parameters for Floated Pallet (Concluded) 






Table 2-4. Generalized Control Gains 

• ^36 Jj f ^ (n-m-see) / rad 

J j^n n “ m / r ^d 
Kjj = 6.64 Jjf^j n-m/sec 

where 

•Jj - inertia of the j ^ vehicle axis (kg-m^) 


f n - loop bandwidth defined as the -3 db point of the output 
torque to command torque transfer function (Hz) 






Table 2-5. 10G Parameters for Slewing 


m 1 =8.0593xl0 4 kg 

D 12x" D 12y~ 0 12z“ 59 * 93 n - se G/m 

m 2 = l* 95xl0 2 kg 

K 12x =K 12y =K l2z =125 n/m 

m 3 =2.683xl0 3 kg 

c *12x =24 ‘ 9< * (n-m-sec)/rad 

J lx =1.011xl0 6 kg-m 2 

^ ±2y • 9 6 ( n— m- sec)/rad 

569x10® kg-m^ 

< ^2 z “’ 29*92 (n— m— sec) /rad 

J lz =7.783xl0 6 kg-m 2 

^12^31. 25 n-m/rad 


• 25 n-m/rad 

^2y = ^*^ kg-m^ 

^22^2.5 n-m/rad 

3 2z =30 * 2 l ^8“m 2 

K R3x =2 * 21 ^ x10 J 3.674xl0 3 (n-m-sec) /rad 

^3 x ~ 2 . 335x10 ; 591.8 kg— m 2 

K R3y =1,97 2xl0 4 ; 3.674xl0 3 (n-m-see) /rad 

J 3y~2.°8xl0 3 ; 617.6 kg-m 2 

k i > 3 2 = 2 . 47x10 ; 1. 628xl0 4 (n-m-see) /rad 

J 3 Z =2 • 6°5xl° 3 ; 1. 794xl0 3 kg-m 2 

K P3 x !=7 - 8 56x 1 ° 4 ; 1 . 306xl0 4 n-m/rad 

R X1 =_ ^*05 1 -4.411x10 2 1 m 

x z 

K j> 3 y~ 7 *® 8x l® > 1. 306xl0 4 n-m/rad 

R E20 =-0 * 375 l z m 

K p3z =8.764xl0 4 ; 5.784 x 10 4 n-m/rad 

r =0.375 1 m 

J- z 

R j 3 x — 1*24x10 ; 2 . 061xl0 4 n-m/sec 

r =1.85 1 ; 1.039 1 m 
^ z z 

^I 3 y~l * 105x10 ; 2.061xl0 4 n— m/ sec 

^120™"^* +*7699 m 

K I3z =1,384x 1° 5 » 9 • 131xl0 4 n-m/sec 


3. . DESCRIPTION AND OVERALL OPERATING CHARACTERISTICS OE THE IPS 

This section describes the manner of operation and the op- 
erational characteristics of the IOG, SEPB, and the Floated Pnl- 
et. The control loop bandwidths and suspension frequencies where 
applicable will be defined in order to achieve +1 Sec peak point- 
ing stability in the presence of crew motion disturbances. 

. J' 1 . Insid e-Out Gimbal System (IOG) - The IOG system is unique 

m that it is configured for exclusive operation in a zero gravity 
environment. Examination of figure 2-1 indicates that a rather 
large moment arm (approximately 1.85 meters) exists between the 
telescope CM and the gimbal intersection/suspension points. This 

would give rise to moments in the area of 4xl0 3 n-m for the class 
of telescopes being considered in order to maintain telescope orien- 
tation in a 1 g' environment. In a zero "g" field this is not felt 
an the large telescope CM offset will cause considerable torque 
coupling into the telescope as the IOG gimbal pedestal is linearly 
accelerated. (It should be noted that the primary coupling into 
t e telescope is due to translation. Rotational coupling is small 
by comparison.) In order to overcome the effects of this large CM 
offset the IOG base (pedestal) is isolated from pallet motion 
through a six degree of freedom suspension. This suspension must 
be soft enough such that the disturbances introduced into the tele- 
scope will not result in pointing error in excess of +1 Sec peak 
for both realistic pointing loop bandwidths and control torque 
levels. The suspension must ultimately provide torques equal and 
opposite to the applied telescope control torques in order to keep 
the IOG pedestal from rotating and hence acts as a momentum de- 
saturator for the IOG base. The IOG system can therefore be 
grossly viewed as a momentum exchange system where the momentum 
exchange device is the IOG base or pedestal. The suspension sys- 
tem then desaturates the IOG base and prevents it from continuous 
rotation. Therefore the suspension characteristics have "little" 
effect on the bandwidth and damping that can be achieved by the 
telescope pointing control loop. Control torque as in the case 
of a reaction wheel system is quickly available (the only delay 
eing the gimbal torquer time constant) via the gimbal torquers 
±n 3 subsec J uent acceleration and momentum transfer of 
the IOG base which is in turn desaturated by the suspension sys- 
tem. However, the above description only partially describes IOG 
operation as will be shown in the paragraphs that follow. 

Q e term ina t ion of IOG Loop Bandwidth ~ In order to deter- 
mine the IOG pointing control loop required to meet 1 sec pointing 
stability in the presence of crew motion disturbances, the telescope 
optical axis was pointed straight up out of the orbiter cargo bay 
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axis the Nom?Lr^r n disturbances were applied along the orbiter y 
axis. Nominal IGG suspension parameters were initially used and 

^»d f ^ ln , t * ble Ihe disturbanL profit 

used for this evaluation is shown in figure 3-1. The nroflle 

the^EPB fnd U Fl VhTi V** ^ performance evaluation of 

cne bEPB and Floated Pallet as well* 

For the conditions described above the IOG pointing control 
loopbandwidth required to maintain pointing stability within 
+1 set peak was 2 Hz. It was initially thought that the loop 
bandwidth required to meet 1 SR pointing stability performance 
would be independent of telescope look angle, i.ej angle of tele- 
scope optical axis with the orbiter z axis. The oily requirement 
necessary to make the zero and 90 degree telescope look angles 

and tG> aPPly th£ CreW raGtion disturbance along the y 

showed ? 6Sj respectively. However, further investigation 
o_, s GO lon to be fallacious and the curve shown in figure 

2 Hz W IOG° ta ^ n6 f f S th f teleSG °P e lo °k angle was varied for a 

Lstef in taWe 2 r P i"**? 1 * for the suspension parameters 
le 2 1. From the curve shown in figure 3-2 it is 

clearly apparent that IOG system operation is grossly different 

apDlicati°° f ngle re 8 a rdless of direction of crew motion force 
application than at a 90 degree look angle. In fact the polntinc 
error incurred is a strong function of look angle as figure 3-2 8 

the 1 fnn S \ Up !? n reevaluatin 8 che manner in which the IOG operates 

the So oflo df” TT“S ““ Che celes “P' a ls either in 
90 degree look angle positions and the crew motion 

force is applied along the orbiter y and z axes respectively 

the suspension does not isolate the telescope from this distur- 

slTct Jr 1 fectively - The reaSGn this is the following 

Since the primary coupling into the telescope is '-ranslational 

the point, ^ 1h” SSl 

equivalent suspension translational natural frequency is impor- 

t f° ° rder to determine the amount of hinge motion. Since 
the hinge is completely frictionless the telescope is free to 
rotate initially about its center of mass in order to trSk the 
^ranslational motion of the hinge point. Hence the initial 

n3tUral freC1Uen ^ suspension is approL 


TiUax" 


fel l 1/2 

L%J 


results U in° n ^ ^ 8±Ven ±H table into equation (1) 


= 1 [4(2.; 

1 H ; 


=1.14 Hz 
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The suspension natural frequency calculated above is the highest 
value that it can possibly have. This would be the Initial trans- 
lational suspension natural frequency if the telescope pointing 
control loop bandwidth were zero or the telescope were uncontrolled. 

s clearly seen that as the telescope control loop bandwidth in- 
creases the equivalent mass that the suspension interacts with in- 
creases hence the initial suspension natural frequency decreases. 

In the limit for an infinite pointing control loop bandwidth the 
mass that the suspension interacts with is the sum of m^, ny and 

V Uslng the values given in table 2-1 results in a suspension 
translational natural frequency of 


f Ti'min~ 2 tt [ m^4m~4m^j =0.2967 Hz (3) 

Hence the translational suspension natural frequency initially or 
or that matter at any time is bracketed between 1.14 and 0.3 Hz 
for the nominal suspension parameters. The Fourier transform of 
the disturbance profile shown in figure 3-1 is given by 


F(ju>)-j^ / f Ct)sinwtd^-j -2- 

2a v 

/ £~B+ ^-(t-a)j sinojtdti 


(t+2a)sint)tdt 


(4) 


where: 


a time interval of one of the applied triangular force 
disturbance 

B ■ maximum amplitude of the force disturbance 
Evaluation of the integrals shown in equation (4) yields 

F(ja))=j/~.[ sin 2 ato _ sinaco ]_ 2ji cos2a J\ 

W w J 

A plot of equation (5) is shown in figure 3-3 for a=0. 8 seconds. 

Examination of figure 3-3 shows that the spectrum of the 
disturbance signal peaks at approximately 0.16 Hz which is nearly 
a factor of two below the lowest possible suspension translational 


(5) 
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natural frequency. Hence it is apparent that the suspension with 
the nominal parameters given does not isolate the telescope from 
this disturbance vary ef f ectively. 

The reason for the sensitivity of pointing error with respect 
to look angle can be explained in the following manner, Mien the 
telescope look angle is zero and a disturbance is applied along the 
orbiter y axis, or for that matter in the xy plane, the control 
torques applied to the telescope in order to maintain pointing 
also translates the 10 G base and hinge points. This translation 
is due to rotational translational coupling in the 10 G base due 
to distances between the IOG center of mass and the telescope 
hinge point (r^J and the center of elasticity (R ) of the I0G 

suspension. It can be shown that the hinge point translation sub- 
tracts from the translation due to the crew motion disturbance, 
hence greatly reducing the translational coupling into the tele- 
scope. This action can be viewed as a juggling phenomenon where 
the hinge point tends to remain directly under the telescope center 
of mass when the telescope look angle is zero. However, when the 
telescope has a look angle of 90 degrees and the crew motion dis- 
turbance is applied along the orbiter z axis, no hinge translation 
can take place that would reduce the translational coupling into 
the telescope. This is apparent since the translational coupling 
into the telescope occurs along the z axis and, for the given geo- 
metrical arrangement, initial hinge point translation due to tele- 
scope control torque along the z axis is not possible. 

If the explanation given above were valid then it would di- 
rectly follow that nearly equivalent operation as that exhibited 
when the telescope look angle is 90 degrees would be achieved 
with a zero telescope look angle when the distances between the 
IOG center of mass, the hinge point, and the suspension center 
of elasticity are zero. This was done and the results are shown 
In figure 3-4. Examination of this figure indicates that essen- 
tially equivalent pointing performance was obtained for zero look 
angle as that achieved for a 90 degree look angle once the hinge 
point, center of elasticity of the IOG suspension, and the pedestal 
center of mass coincide. This result substantiates the explanation 
given above. 

To even further substantiate the explanation of IOG operation 
given above, the translational stiffness of the IOG suspension was 
increased by an order of magnitude without increasing the suspen- 
sion rotational stiffness. (This is possible mathematically, how- 
ever, it is not possible physically without changing the distance 
between the isolators.) If the above contentions were true, then 
the pointing errors incurred for zero telescope look angle should 
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be independent of this variation. This was verified on the com- 
puter simulation thus supporting the above contentions. 

It is therefore apparent that in choosing an 10 G loop band- 
width the telescope should be positioned at the worst possible 
look angle consistent with its operational range. For the orbiter/ 
IOG/ telescope system being considered the telescope maximum look 
angle is +65 degrees. Examination of figure 3—2 indicates that a 
pointing error of approximately 9 sec results at a telescope look 
angle of 65 degrees for a 2 Hz control loop bandwidth in the pre- 
sence of a crew motion disturbance. Increasing the loop bandwidth 
much beyond 2 Hz is not desirable from structural and noise (i.e., 
sensor and actuator) viewpoints. Hence the only way to achieve 
the desired pointing stability of +1 sec peak is to soften the 
suspension as described in the next paragraph. 

3,1.2 Selection of IOG Suspension Stiffness — Figure 3—4 
shows pointing error as a function of suspension stiffness for 
various telescope look angles for a 2 Hz pointing control loop 
bandwidth. Examination of the curve for a 65 degree telescope 
look angle (the maximum look angle projected for IOG operation) 
shows that a reduction in suspension stiffness by approximately 
a factor of 20 would result in a peak pointing error of 0.5 see 
for a 2 Hz control loop bandwidth. This then is the recommended 
reduction in suspension stiffness in order to meet the pointing 
performance of 1 sec peak without increasing the pointing control 
loop bandwidth beyond 2 Hz. 

3-1.3 IOG Pointing Performance as a F unction of Moment Arm 
and Control Loop Bandwidth - Figure 3-5 shows IOG pointing per- 
formance as a function of distance from the hinge point to the 
telescope center of mass (i.e,, moment arm) for several pointing 
control loop bandwidths for 1/20 nominal suspension stiffness 
and a telescope look angle of 65 degrees. Examination of this 
figure shows that pointing error increases as the telescope 
moment arm increases. However, it is apparent that the pointing 
error is approaching a maximum value as the telescope moment arm 
is increasing. In fact if the moment arm were to keep on in- 
creasing, the telescope incurred pointing error would begin to 
decrease. The reason for this phenomenon is that the telescope 
rotation about its center of mass required to track the transla- 
tion of the hinge point due to crew motion disturbances, decreases 
as the moment arm is increased. This is apparent since the linear 
translation of the hinge point must be equal to "rQ", where n r" Is 
the telescope moment arm and 0 is the telescope angular rotation. 
Figure 3-6 shows telescope pointing error as a function of: point- 
ing control loop bandwidth for various values of telescope moment 


arm, for 1/20 nominal suspension stiffness, and a telescope look 
angle of 65 degrees. As expected, telescope pointing error de- 
creases as the pointing control loop bandwidth increases. 

3*1*4 Observed IOG System Instability - In the course of 
investigating IOG pointing performance, an instability was ob- 
served at a telescope look angle of 90 degrees for nominal sus- 
pension stiffness parameters. The roots associated with the in- 
stability had small positive real parts making their presence 
felt only after 10 to 15 seconds. In order to verify that the 
observed instability was real and not a computer simulation prob- 
lem, a two body model of the IOG system was defined and the equa- 
tions of motion for this model developed. The characteristic 
equation of this two body system was derived and a South stability 
array was run. In the paragraphs that follow the. two body model 
will be defined, the equations of motion derived, and the results 
of the stability analysis performed are presented. 

3. 1.4.1 Equations of Motion For the Two Body Stability Model 
igure 3-7 is a schematic representation of the two body model used 
or the investigation and the substantiation of the IOG instability 
observed on the six body computer simulation. As figure 3-7 indi- 
cates the two body stability model assumes that the IOG pedestal 
is suspended from an inertial base which represents the or biter/ 
pallet combination. This should approximate the actual system 
with respect to stability characteristics because of the large 
c ^^ erence *- n mass and inertia characteristics between the orbiter/ 
pallet and the IOG/telescope combinations. 

Using the same techniques described in section 2, the linear 
equations of motion of the system shown in figure 3-7 are given 
by 




*’ '* , *» . M 

P 2 _e+r x +r 2 


Substituting equation (8) into equation (7) gives 


( 6 ) 

O) 

( 8 ) 



( 9 ) 
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where: 


£ distance from origin of inertial coordinate frame to 
IOG pedestal CM (body 1) 

Pc ~ ™ St f Ce fr ° m orig±n of inertial coordinate frame to 
CM of telescope plus inertial gimbal of IOG (body 2) 

= hinge force 

= mass of body 1 

11*2 22 mass of body 2 

r i = distance from CM of body 1 to hinge point 
r 2 ~ distance from hinge point to CM of body 2 
= external force on body 1 
F c = 10® suspension compliance force 

The compliance force F £ can be written as 

F c =4B# ^ +4K * e+4D * (w 1 xR e1 )+4K« (0 1 xR e1 ) (ll 

where : 


^ = inertial rate of body 1 

0 1 = inertial angular position of body 1 

®E1 = distance from CM of body 1 to center of elasticity of 
the IOG suspension 

D - viscous damping of IOG mount 

K = spring constant of IOG suspension 


D=diag[D x ;D y ;D z ] 

K=diag[K x ;K y ;K z ] 


(ID 
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in 


Substituting equation (10) and (9) into equation (6) results 


F le~ ( VVe+4D- e-KR* e+4D* (^x^J+AK- (e^J^iin^r^) 


( 12 ) 


The rotational equations of motion for bodies 1 and 2 can be 
wrxtten as De 


'«WuW 
VW 3t<W 


(13) 

(14) 


where: 


T c suspension compliance torque 
T H = ^ in 8 e control torque 
•1^ = inertia of body 1 
— inertia of body 2 

R 11 = dist f nee from GM of body 1 to point of external force 
application on body 1 

and 


Jj.-diag [ J lx > J ly > J lz J (15) 

J 2* di *si J 2x ;J 2y ; J 2z ] (16) 

tion 2) 6 SUSpension Gon ipllance torques can be written as (see sec- 

T c = ~ ^ ’V k * V 4R E1 X f * fa, l xR El ) } +4R El X (f* (0 l xR ElO +4R E1 X (D * ^ 
+4 V'«-*>} ' (17) 


where : 


d suspension rotational dampin'*, matrix 
k = suspension rotational spring constant matrix 
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and 


! 


i 

i 


r 

d=diag[d ;d ;d ] 
x y z 

(18) 

j 

k=diag[k x ;k y ;k z ] 

(19) 


The hinge control torque can be written as 


- 

v-jyvvvv -f] 

(20) 

T 

where: ~ 


i 

- rate gain matrix 
Kp = position gain matrix 
Kj - integral gain matrix 


\ 

£ 

and 


i 

K R _dl ae 

(21) 

f 

Kp=diag[Kp x ;K p yjKp z ] 

(22) 


K I -dia 8 [K l!t ;K Iy iK l2 ] 

(23) 


Substituting equation (20), (17), and (9) into equations (13) 
and (14) results in ^ 1 


Equations (12) , (24) , and (25) form a complete set of equations 
of motion for the two body stability model defined. 

A %™ ing the telescope look angle is 90 degrees, equations 
U2), (24), and (25) can be linearized and written in component form 
m the following manner 
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R ll X ^el*" (J l x ^2 r L>"l x + <V 4U y R El z )“ l!t + < k II + ''K y 4l 2 > 0 lx 
'fbVVA ^■^ r 1^2A z -<'«2 r l 2 g y +4E E u D y V 4E ElzV y ) < 26 > 

R ii xF i e l y " (J i y 4 '2 r L^“i y +<d y +4D x R E l2 )“ ly +<k/ 4 K jc i^ lz )e ly 

"(VVVV*Iy (27) 

R ll xR lalz- J l 2 “lz«Az +R 2 9 lz-( R I !2 “2 2 +K P 2 0 2 2 *I z ¥] «« 


r 2x“2*« 8 x“ 2 *«Px»2x«Ix . 


2x 


0 - (J 2y d ™24 ) “2 y + V , 2y +1C py e 2y +K I y 

0 


^2jr 

s ~ m 2 r 2x £ z 


(29) 

(30) 


°‘ <J 2z + "2 r L ) “2z +K Rz“2 2 +K p 2 0 2z +K I z IT < 3 « 

(32, 

F laly <m l +m 2 )e y +4! ’y E y +4K y 6: y ' 4I> y R Elz‘ ,, lx" 4K y R El 2 0 l x ‘”2 ,r l 2 “lx +, "2' r 2x“2 2 (33) 


F le I i‘ (” 1 +i» 2 )e z + 4 D z e z + 4 K 2 e z -m 2 r 2 i 2y 


(34) 


in.t-n fw min ! t;L ! n ° f equations (26) through (33) reveals that they break 

and fiA^ ee 1S inCt sets ’ Set 1 is formed by equations (27), (30) (32) 

•nd (34) corresponding to degrees of freedom 0 6 e , „d e 1 ’ Set 2 

6reen! d freedomT°" S 0 <2 ? ) e ^ind ( f > ’ Jet 3 <33> f Ir *f on ""« “ «- 

lx 2x* u 2z* E y* Set 3 is formed by equation (28) 
which concerns the degree of freedom 0 

lz’ 

The characteristic equation for set 1 can be written as 

A l =(a l a 7" a 3 a 6 )(a 4 a 9" a 5 a 8 ) (35) 
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where: 


V%^2 r L )s2+ <V 4 VL:P s +<V 4 VElz> 

^^Iz^Vx^Wx 


K 


-M 


a 4 =(J 2y +ra 2 r 2x> s +K Ry S+K Py + ~ s 

2 


a 5 “ m 2 r 2x S 


Wu* +4 D x R E1z s+4K x R E1 2 
2 

a 7 = (m-+m 0 ) s +4D s+4K 
' 1 2 xx 

a 8 =_ra 2 r 2x s2 

2 

a Q =(m 1 +m„)s +4D S +4K 
y J- 2. z z 


(36) 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 


The values for the parameters shown in equations (36) thru (43) 
given e ii V table°3-i able ^ f ° r nominal sus Pension parameters and are 

ean^if n ?^? e ? ±Vefl ±n table 3 ' 1 and substituting them into 

equation (35) results m 

A x =|2.18xl0 5 s 4 +1. 894xl0 6 s 3 +l. 774xl0 7 s 2 +1.338xlO 6 s+6. 25x10 6 } 

j? . 77 xl 0 6 s 5 + 6 . 882 xl 0 7 s 3 + 3 . 352 xl 0 8 s ? + 5 . 902 x 10 8 s + 8 . 185 x 10 8 + iii°5xlofj 

Running a Routh stability array on the two bracketed expressions 
given in equation (44) shows that the first bracket is stable and the 

second bracket is unstable. The roots associated with the first bracket 
are given by ^ 

S 1 , 2 ~~ ♦ 0189 ±3 ‘596 (45) 

s 3> 4 = ~4. 3 25+j7 . 874 (46) 

The roots associated with the second bracket are given by 

S l =0 (47) 


(44) 
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( 48 ) 


1.621 (unstable root) (49) 

S 5 } 6 = ~ 3 * 452 —^ 3,893 (50) 

It is seen that the instability is associated with telescope 
rotational motion about the y axis and translational motion of the 
106 pedestal along the z axis. In addition the positive real part 
° ^ e uns table root is small which substantiates the fact that 

the computer simulation had to run 10 to 15 seconds before the 
effect of the instability was noticed. 

In order to further verify that the stability model used to 
determine the unstable root shown above was valid, and that the 
root shown was indeed the only unstable root in the system, Routh 
stability arrays on the open loop system given by set 1 and the 
closed loop system given by set 2 were performed. Both were shown 
to be stable. In addition the open loop poles associated with 
equation set 1 are given by 


(51) 


(52) 


(53) 


(54) 

In order to better understand the reason for the instability, 
the I0G suspension parameters were parameterized in the two body 
stability model described above, it was found that with a slight 
^ecrease in suspension stiffness from the nominal values the sys^ 
tern was stable. However, the suspension stiffness had to be in- 
creased by approximately a factor of 15 before I0G system stability 
was reestablished. For these parameterizations , I0G damping ratio 
was held com, cant. Additionally a slight increase in suspension 
damping by approximately a factor of 1.5 gave stable system roots. 

The values of and r lz were parameterized and were shown 

to have little effect on the system instability. Hotaever, when 
the control law integral gain was set to zero all roots were 
stable regardless of I0G suspension stiffness. 


s 3>4 =-.0189+j.596 

S 5,6 = “4- 325 ±j 7 - 87 4 
s ? ^ g =_ . 7 7 68+j 3 . 7 28 


3-12 


Most of the results described above have been verified on the 
sxx body pointing performance model for a telescope look angle of 
90 degrees. The one exception was that increasing shockmount damp- 
ing did not stabxlize the six body I0G computer simulation as it 
dxd the two body stability model. The result of this investiga- 
tion xndxcates that more effort is required in order to understand 
the overall stabilxty characteristics of the I0G and the interre- 
latxonships between the various system parameter (i.e., control law 
structure and suspension parameters) and their effect on I0G stability. 

^* 2 Standar d Experiment Pointing Base (SEPB) - The SEPB is a 
conventional gimballing system in which the telescope center of mass 
xs located in the vicinity of the gimbal intersection point. The 
base of the SEPB is hard mounted to the pallet. Isolation from crew 
motion is achieved by maintaining the telescope CM close to the gim- 
in^srsectxon points in order to keep translational coupling into 
the telescope small without the use of a suspension. It is clearly 
seen that if the telescope CM were located exactly at the gimbal 
ntersection point and in the absence of gimbal friction telescope 
isolation from crew motion would be achieved without the need for 
a pointing control loop. However, it is not possible to keep the 
telescope CM precisely at the gimbal intersection points, hence a 
poxnting control loop is required to control the disturbances that 
couple into the telescope due to crew motions. The required point-* 
xng control loop bandwidth is a direct function of the telescope CM 
offset from the gimbal intersection or hinge point. This dependence 
width OWn ln fXgUre 3-8 for a 1 and 2 Hz pointing control loop band- 


Examination of figure 3-8 shows that a telescope CM offset of 
^.2 aiid 8.9 centimeters 26 and 3.5 inches) for control loop 
bandwidths of 1 and^2 Hz, respectively, will result in peak point- 
xng errors of +1 sec in the presence of crew motion disturbances. 

Both of these allowable mass offsets require telescope mass balancing 
Since xt xs not anticipated that balancing the telescope to 3 centi- 
meters xs no more difficult than balancing it to 9 centimeters, the 
smaller telescope mass offset is recommended, thus allowing the use 
of a 1 Hz pointing control loop for the SEPB. This would result in 
advantages when considering the effects of structural flexibility 
and system noise over a 2 Hz pointing control loop bandwidth. 

Floated Pallet - In the floated pallet concept for the 
spacelab, the total pallet is isolated with respect to the arbiter 
through a passive spring damper suspension. (Details of the design 
and characteristics of this suspension are given in volume III of 
thxs report.) Four Skylab double gimbal CMGs are mounted on the 
pallet xn order to control the total pallet to +1 sic peak pointing 
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error in the presence of crew motion disturbances. The isolation 
system not only acts to isolate the pallet from crew motion dis- 
turbances but also allows the gross attitude control of the orbiter 
through the pallet suspension system via the control moment gyros 
moun e on the pallet. Hence the orbiter reaction control system 
TW°F req Ku re l tG maintain orbiter attitude and are inoperative. 
fJoin fhp 6 Pa ^ let CGnce Pt eliminates the contaminants 

a a CT?PT 1 ° r lter hypergol±G RCS that are present in both the IOG 
and SEPB concepts. 

The recommended suspension design sets the suspension natural 
frequency both in rotation and translation in the vicinity of 0.3 

Jw 3 da ™ pin8 *L at±0 of approximately 0.1. This is accomplished 

_y the use of gas filled bellows springs which have appropriate 
linear stiffness and damping coefficients, and which are placed 
appropr ately to achieve the desired rotational characteristics. 
This is explained fully in volume III of this report. It was 
anticipated and subsequently verified that a suspension natural 
frequency in the area of 0.1 Hz both in rotation and translation 
not only yields satisfactory isolation from crew motion distur- 
bances, but will also allow the maintenance of orbiter attitude 
through the suspension system without large elongations of the 
pallet suspension system. Figure 3-9 shows a plot of peak point- 
ing error as a function of floated pallet control loop bandwidth 
tor the recommended suspension configuration in the presence of 
crew motion disturbances. From this figure it is seen that a 
pallet control loop bandwidth of approximately 1 Hz will limit 

the peak pointing error due to crew motion disturbance within 
+1 'sec. 


igure 3 10 shows a plot of pallet pointing error vs suspension 
damping for nominal suspension stiffness and a 1 Hz pallet point ins 
control loop bandwidth. As the plot shows, pallet pointing error 
is only affected slightly as the damping ratio is varied by an 
order of magnitude. In fact, pointing error increases slightly 
aa the damping ratio is increased from its nominal value of 0.1 
Therefore suspension damping, the most uncertain quantity of the 
suspension parameters, does not require precise control In order 
lG meet satisfactory pallet pointing stability performance. 

Figure 3-11 shows a plot of pointing error vs pallet suspension 
natural frequency for a constant damping ratio of 0.1 for a 1 Hz 
pointing control loop bandwidth. As expected, the pointing error 
incurred is a fairly sensitive function of suspension natural fre- 
quency ncreasing appreciably as the suspension natural frequency 
is increased. M y 
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SUSPENSION STIFFNESS (N/rn) 


Figure 3— 




Telesc^e PQinting Error Vs Suspension Stiffness 
lor 2 Hz Pointing Control Loop Bandwidth 



POINTING ERROR (sec) 



DISTANCE FROM HINGE POINT TO TELESCOPE CM (meters) 

Figure 3-5. Pointing Error Vs Telescope Moment Arm For 1/20 Nominal 
uspension Stiffness and 65 Degree Telescope Look Angle 
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Poll 
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SUSPENSION DAMPING RATIO 

Figure 3-10. Pointing Error Vs Suspension Damping Ratio For 1 Hz Loop 
Bandwidth and 0.1 Hz Suspension Natural Frequency 



POINTING ERROR (sec) 



Table 3-1. Parameters For Two Body Stability Model 


R E 1 z =-* 375 m 


J 1 y = 50 . 21 kg-m 2 
J 2 y = ^®*21 kg-m 2 
J 2 z = ^ 0*21 kg-m 2 

J 2x = 2 ' 605x1 ° 3 k §“ m2 
J 2y =2.08xl0 3 kg-m 2 

•12 z = 2.335x 10 3 kg-m 2 
ra^=1.95xl0 2 kg 
m 2 =2.683xl0 2 kg 
D x “ D y =D z =2 • 68xl0 2 n-sec/m 

K x =K y =K z =2 * 5xl ° 3 n/m 

=d =66 . 9 n-m^sec 
x y 

k x ”ky=625 n _ ra 


r^-,375 m 
85 m 

K^=2*47xl0^ n-m-see 
472x10^ n-m-see 
^ z = 2. 214x10^* n-m-see 
Kp x =8.76^xl0 4 n-m 
Kpy*^7xl0^ n-m 
Kp z =7, 856x10^ n-m 
K l3C =1.384xl0 5 n-m/sec 
Kjy^l • 105x10^ n-m/sec 
K Iz =1.24xl0 5 n-m/sec 
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4. EFFECTS OF FLEXIBILITY ON POINTING CONTROL LOOP 

.^e foll ° w ing section presents a general discussion of 
e effects of flexibility on the pointing control loop which 
app les o all of the IPS options being considered in this study. 
Data on the effects of flexibility will then be presented for 
the three Cue., 106, SEPE, and Floated Pallet) IPS options being 
investigated. Finally analytical verification of an instability 
rs o serve on the linear pointing performance simulation 
tor nominal IOG suspension parameters will be presented. 

p . J' 1 general Discussion on the Effects of Flexibility on 
ointing Control Lgqp - The problem of flexibility can be divided 
into two broad classes: 

a. Flexibility between sensors and actuators as exemplified 
by the classical booster problem. 

b. Sensors and actuators mounted on a relatively rigid 
structural portion which is in turn connected through a 

exible interface to the remaining structure. Skylab was 
an example of this type of problem. 

Both of these effects cause stability problems, however, they are 

T nt lu n l tUre * When flexibility exists between sensors and 
actuators the flexibility acts as a lag in the control system which 
can be grossly viewed as the equivalent of having low bandwidth 
actuators thus causing instability. When sensors and actuators 
are mounted on a relatively rigid portion of structure which is 
connecte t trough a flexible interface to the remaining structure 

2“ an apparent Lcraas. 

the controllable vehicle inertia when the natural frequency of the 
lexible interface is exceeded. This decrease in inertia can be 
viewe as an increase in loop gain which can cause instability if 
the inertia reduction is appreciable, and the stiffness of the 
interface does not yield a sufficiently high structural natural 
frequency. Both of these effects can be illustrated by the simpli- 
fxea single axis system shown in figures 4—1 and 4—2. 

The transfer function for the vehicle dynamics assuming that 
sensors and actuators are mounted on body 1 can be derived from 
the following set of equations: 


Rearranging terms and taking the Laplace transform gives: 
(T D -Ic)=(J lS +Ds+K) 0^— (Ds+K) 0^ 

0— (Ds+K) e i +CJ 2 s 2 +Ds+K) 0 2 
Solving equations (3) and (4) for 0 JL and 0 £ gives 


0 = 


( V T C ) (J 2 S +Ds+K 


1 s 2r 


01 J 2 s 2 +( J i+ j 2 ) (Ds+K)j 


(3) 

(4) 


(5) 


0 = 


CT d -T c ) (D s+K) 


2 2 / 


s 2 0 i J 2 s 2+ < J i +J 2> (Ds+K)J 
Rewriting equation > (5) and (6) using io=s0 


( 6 ) 




“l (J x +J 2 )s 


2 2 , D ^ 

~K S + K 5+1 

J 1 J 2 2 D 

'- K(J 1 +J 2 ) K 1 


(7) 


f -T 

0 i c 


W 2 (J^+j^) s 


I 5+1 


J 1 J 2 2. 0 . . 
L K(J 1 +J 2 ) S * 3 1 


( 8 ) 


. . E xamxnation of equation (7) shows that at low frequencies 
the vehicle inertia is represented by (J^), however, at high 

frequencies the vehicle inertia is just equal to J^. With the 

use of equation (7) and the expressions shown in figure 4-1 the 
oop gain of the simplified single axis system can be written 

clS 


4-2 


STRUCTURAL 

DYNAMICS 


SENSOR 

DYNAMICS 


VEHICLE ACTUATOR 
CONTROL LAW DYNAMICS 


HG(s)= 


(J 1 +J 2 )S J 1 J 2 


_2 2 . D _ 

K S + K S+1 


J 1 J 2 2 D I (— 1 2 + IS. c+1 

S + K S+1 J LV “s 


* , «P 


V ~7 + 


. , S ?;? G f the tot f :l bo<J y C 1 -®** bod Y 1 plus body 2) is to be controlled, 
, .y ehle ^ e contro1 gams are normally chosen to give satisfactory sta- 
bility and system performance assuming an inertia of J +J 2> However, 

if the natural frequency of the flexible interface is not sufficiently 
g , particu arly in the case where examination of equation (9) 

shows that a large increase in loop gain incurs once the natural fre- 
quency of the flexible interface [i.e., OJ>(y-) 1/2 ] i s exceeded. This 

increase in loop gain, approximately equal to A , causes an actuator 

, J 1 
or sensor pole to cross into the right half plane causing an instability. 

Examination of equation (8) indicates that the vehicle dynamics 

K(J..+J 0 ) 

acts as a second order lag for radian frequencies — j - <w< j and 

then acts as a first order lag for w> |. Writing the loop gain for the 

simplified single axis system shown in figure 4-1 using equation (8) as 
he representation of vehicle dynamics results in 


STRUCTURAL 

DYNAMICS 


SENSOR VEHICLE ACTUATOR 

DYNAMICS CONTROL LAW DYNAMICS 


HG(s)= 


(J 1 +J 2 )S J 1 J 2 


1 2 2 D _ 

K(J +j) s + R 3+1 


( s .2 2C 

+ — S+1 

S s 


-I 1 

2 -s’. 


Examination of equation (10) shows that if the interface stiffness 
is not sufficient to keep the second order lag brea\ frequency 
|”K(J 1 +J 2 )'jl/2 - y 

[i.e., J ] appreciably greater than the desired pointing 

Swo Gl l0 u? bandw * dth GXcesslve la es will occur causing an instability 

Illv it it ttit It t Cr ° ase f ° ver into the right half plane. Addition- 
ally it is seen that as J ± decreases with respect to J, the second order 
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lag break frequency Increases thus Improving system stability 

exactly the reverse of the effect observed when the sensors and 
actuators are mounted on body 1. The increase in stability as 
decreases with respect to can be argued from a physical 

standpoint. Since the torque applied to body 2 must be applied 
through the flexible interface between bodies 1 and 2, the faster 
body 1 can be deflected the faster the control torques are applied 
to body 2. Hence as the inertia of body 1 decreases it can be 
deflected more rapidly by the torque applied by the actuators on 
body 1 thus reducing the overall system lag and increasing over- 
all system stability margins. 


The instabilities caused by flexure in both classes of the 
problem can be compensated for by two general techniques: 

a. Design the bandwidth of the control loop below the natural 
frequencies of the vehicle flexibilities (i.e., gain stabiliza- 
tion) . This type of design results in a low control loop band- 
width and hence pointing performance will not be met under the 
influence of disturbances, particularly those due to crew 
motion. 


b. Use phase stabilization techniques which would yield ade- 
quate control loop bandwidth thus enabling high accuracy sys- 
tem pointing performance. However, this technique requires 
the accurate knowledge of the vehicle bending characteristics 
which are not readily available and can necessitate on-board 
measurement of vehicle flexibility characteristics. 

Therefore, the approach taken in this study is to evaluate the 
loop bandwidth that is required to meet 1 sec system pointing per- 
formance assuming a rigid structure as described in section 3. 
Flexibility is then inserted and the structural stiffness (i.e., 
structural natural frequencies) required to yield satisfactory sys- 
tem stability and performance determined without the use of bending 
mode filters. This determination was conducted for both classes of 
the flexibility problem outlined above. 

The model that was used for these determinations was the linear 
pointing performance model as outlined in section 2.1 of this report. 

4.2 Effects of Flexibility on the IOG Pointing Control Loop * 
Using an IOG loop bandwidth of 2 Hz determined in section 3.1.1 with 
sensors and actuators mounted on body 5, the inertial gimbal of 
the IOG, the flexible interface between bodies 5 and 6 was varied 
in order to determine the interface frequency required for system 
stability. The result of this investigation showed that an interface 
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frequency of approximately 8 Hz corresponding to an interface stiff- 
ness of 1.291x10 n-m/rad was required to achieve neutral stability 
The interface frequency is defined by the following relationship 

k r( J C M -hnr 2) (27 rf i) 2 (ii) 

where : 

^CM ~ ine ^tla of the telescope about principal axes 
m — mass of telescope 

r - distance from flexible interface to telescope center 
of mass 

When the sensors are mounted on the telescope the Interface 
frequency required for system neutral stability was approximately 

2.8 Hz corresponding to an interface stiffness of 1.647xl0 6 n-m/rad 
This is approximately a factor of 2.8 less than the interface fre- 
quency required when sensors and actuators are mounted on body 5, 
the IOG intertial gimbal. These results support the general dis- 
cussion given in section 4.1. Figure 4—3 shows the interface fre- 
quency required for neutral stability as a function of loop band- 
width for sensors mounted on the telescope (i.e., body 6) . 

Variations in the flexibility characteristics of the pallet 
(i.e., bodies 2 and 3) and the interface between pallet and orbiter 
(i.e., bodies 1 and 2) over wide ranges had little effect on overall 
IOG system stability and performance. 

In summary the conclusions that are drawn from the investiga- 
tion of the effects of flexibility on the IOG system performance 
and configuration are the following: 

a. In order to minimize the interface and telescope frequency 
and stiffness required for stability sensors should be mounted 
on the telescope rather than the inertial gimbal of the IOG. 

This would necessitate both a mechanical and electrical inter- 
face with the various telescopes that are to be mounted ou 
the IOG. 

b. The interface frequency and corresponding stiffness required 

for neutral stability is approximately 2.8 Hz and 1.647x10® 
n-m/rad, respectively. It should be noted that these values 
are required for neutral stability. In order to achieve ade- 
quate stability margins the interface frequency should be in- 
creased between a factor of 1.5 to 2 corresponding to an increase 
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in stiffness of 2.25 to 4. It should be noted that the inter- 
face stiffness represents the gimbal stiffness, telescope mount- 
ing interface stiffness, and the stiffness of the telescope support 
module as a lumped parameter. The reason for this is that the 
sensors will be mounted on the optical bench in order to con- 

tno 1 telesc °P e line of sight while the attach point to the 
IOG will be on the back end of the telescope. Therefore, the 
OG gimbal compliance, interface compliance, and telescope sup- 
port module compliance can be roughly viewed as springs in 
series. Hence it is seen that severe stiffness requirements 
will be placed on the telescope support module in order to 
achieve system stability which traditionally has no such re- 
quirement thus complicating its structural design. If bending 
mode filters are to be employed to alleviate the telescope 
stiffness requirements accurate knowledge of system bending 
inodes would be required and each telescope would require its 
own bending mode filter design making the IOG very payload 
sensitive. 

4,3 .g fleets of Flexibility on the SEPB - Using the 1 Hz point- 
ing control loop as outlined in section 3.2 the interface fre- 
quency and stiffness requirements were determined when sensors 
were mounted on the inertial gimbal of the SEPB and when they were 
mo united on the telescope. 

When the sensors (i.e., rate gyros) were mounted on the inertial 
g mbal of the SEPB (i.e., body 5) the interface frequency and stiff- 
ness required for neutral stability was 0.5 and 2.5xl0 4 n-m/rad, 
respectively. When the sensors were mounted on the telescope the 
nterface frequency and stiffness required for neutral stability 

was 6 Hz and 3.6x10 n-m/rad, respectively. For the SEPB the re- 
lationship between interface frequency and stiffness is given by 

V J CM (2lrf I )2 (12) 

These res ults are the reverse of those obtained for the IOG 
and further points up the effects of structural flexibility discussed 
in section 4.1. Examination of the inertias of the SEPB inner gim- 
a and the telescope (table 2—2) indicate that they are of the 
same order for the y and z axes and differ by a factor of 5 for the 
x axis. This is much smaller than the factors of 34 or 70 encountered 
tor the IOG depending on whether telescope inertia about the principal 
axes or a coordinate frame centered at the telescope to IOG gimbal 
attach point is employed. Hence when sensors are mounted on the in- 
ertial gimbal of the SEPB an apparent loop gain increase of a factor 
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° CCUrS for i h * x axis and ™ly requires a structural inter- 
requency of 0.5 Hz to achieve neutral stability. In fact 

n ^,V X1S 1S t] ' e ° nly 3x18 for which a minimum interface stiff- 
ness is required for stability. For the y and z axes there is 
no interface stiffness required for absolute stability about 

to withi^-I-l |2? 6Ver ’ ^ Pointing stability is to be maintained 
_1 sec peak the interface frequency and stiffness re- 
should hi 3 9 ‘°f £l ° 5 n ~ m/rad » respectively. However, it 

no e that this interface frequency and stiffness re- 

“Tf “ ° nl ^ r ^ uired meet Pointing performance but Tot 
for stability. Hence it is not required that margins of 1 5 Pr 
2 be applied to these numbers in order to assure satisfactory 

when str er f° rm r Ce * h T h WGUld be the CaSe as P° inted above 
, structural interface frequency and stiffness requirements 

at : necessary from a stability viewpoint. 

,„,Ji en £ he sensors ore mounted on the telescope (body 6) the 
interface frequency and stiffness requirement for neutrll stability 

^ts H the n d^* 6Xl0 n_n,/rad ’ respectively . Again this result sup- 

aholt thl dlScassion ^en in section 3.1. Since the inertias 

scoDe TfZ “k 2 f XeS f r ° r the SEP13 inertial gimbal and the tele- 
scope differ by only a factor of 1.6 a large system lag results 

and^tif f Ge f equation ( 10 ) 5 therefore, the interface frequency 
iT tT haS tG be rGlativel y high in order to set the second 

banlwidthtn T £n 7 hi f h en ° Ugh Wlth respecC to ch e control l'oop 
bandwidth in order to achieve stability. In fact the axes which 

y°Ind n z axer^^r 6 SCiffness requirements are the 

Lired for H* ^ Ue ° f lnterface f re Huency and stiffness re- 

fPr the rand z X a^s! “ appreciably helow that which is required 

fron, summar y the following are the conclusions that are drawn 
on nrS investigations performed on the effects of flexibility 
on SEPB pointing control loop performance: Y 

a. Sensors should be mounted on the SEPB inertial gimbal in 
order to minimize the structural frequency and interface re- 
quirements for stability. The interface frequency and s Jf f- 

ness required for stability is 0.5 Hz and 2.5xl0 4 n-m/rad and 
xs governed by the x axis, 

b. Jhe interface frequency and stiffness required to maintain 
±1 sec peak pointing stability in the presence of crew motion 

disturbances is 3 Hz and 9.0xl0 5 n-m/rad, respectively. This 
va ue o interface stiffness is approximately 0.5 that required 
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for the IOG thus alleviating the structural requirements for 
the telescope. In addition it should be noted that the SEPB 
would attach to the telescope metering truss which is tra- 
ditionally quite stiff due to thermal and dimensional stability 
requirements. Hence a 3 Hz interface frequency with its cor- 
responding interface stiffness should be easier to achieve 
than a similar interface stiffness for the IOG. 

c. The interface frequency and stiffness required for neutral 
stability if sensors are mounted on the telescope is 6 Hz and 

3 ' 6 * 1( ? n-m/rad, respectively. This is an increase of a factor 
of 2 in interface frequency and a factor of 4 in interface 
stiffness over that which is required when sensors are mounted 
on the inertial gimbal of the SEPB. 

4,4 Effects o f Flexibility on the Floated Pallet - Using the 
1 Hz control loop bandwidth established in section 3.3, the in- 
terface frequency and stiffness requirements for stability and 
pointing performance were determined for the following cases: 

1. Sensors and actuators mounted on body 3 which corresponds 
to one-third of the pallet inertia. 

2. Actuators mounted on body 2 and sensors mounted on body 3. 

3. Sensors and actuators mounted on body 2. 

For case' 1 where sensors and actuators were mounted on body 3 
there was no interface frequency or stiffness requirement between 
bodies 2 and 3 from an absolute stability viewpoint. However if 
±1 sec peak pointing stability is to be met in the presence of 
crew motion disturbances over the total pallet structure the rota- 
lonal and translational interface frequency, rotational stiffness, 

and translational stiffness had to be 4 Hz, 2. 93x10 7 n-m/rad, and 
5.78x10 n/m, respectively* 

For case 2 where sensors were mounted on body 3 and actuators 
on body 2 the rotational and translational interface frequency 
rotational stiffness, and translational stiffness had to be 8 Hz, 

n “ m / ra< ^> anc * 2.313x10 n/m, to achieve neutral stability. 

It should be noted that the same results would be obtained if the 
actuators were mounted on body 3 and the sensors were mounted on 

body 2 since the system is reciprocal and the system characteristic 
equation does not change. 
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horlv ?° ^ C3Se 3 Where b ° th SenSOrS and actuators were mounted on 
* tbl Waa no interface frequency or stiffness requirement 

stnbiStv H S 3 requirGd from the standpoint of absolute 

s Lability. However, approximately a 0.5 Hz interface frequency 

corresponding to linear interface stiffness of 3.6xl0 4 n/m and 

a rotationai stiffness of 4,58xl0 5 n/m was required in order to 

ntf.oT 1 SeC /^ nt - ng s f abilit y 0VG ^ the total pallet. The sig- 
,- nt .„_ f nCe p tllS result is that it gives an estimate as to the 
3C ^ , requeacy and stiffness required by instruments that 

throueh^ h n C -f, pa ^ let * Since body 3 gets perturbed only 
through Lhe flexible interface between bodies 2 and 3, bodv 3 

can be considered as an experiment bolted to the pallet which 
an e considered as body 2. It is therefore seen that the inter- 
ace frequency between experiments and pallet which is being 

of^s 1 ^ r C PSalC ±S Gnly rec * uired to in the vicinity 

of 0.5 Hz. Therefore, the floated pallet places the least restric- 

It and posltionin 8 gimballing structural design, 

is „ n ° Ced tHat the Pallet P oint ing control system 

ari . a fc sensitl y e to payload characteristics and hence truly 
acts as an experiment base which can accommodate a wide variety 
of payloads requiring precise pointing accuracies. 

,, . In su “ mar y the following are the conclusions derived from 
pallet^ eStl8at:i0nS ° n the effect of ile xibility on the floated 


a. In order to minimize the floated pallet stiffness require- 
ments sensors and actuators should be mounted on a relatively 
stiff section of pallet corresponding to approximately 30 per- 
cent of the total pallet inertia having a first significant 
bending mode in excess of 8 Hz. The interface frequency be- 
tweenjthis section and the rest of the pallet should be 4 Hz 

total S pallet ntinS Stabd ' d ‘ d ' t; ^ d-S to he maintained over the 


J’ n j h , e interface structural frequency between instruments 
mounted on a pallet stabilized to +1 SeS in order to meet 

¥ 5 Hz C P ?i ntlQg Stab ; 1:L 5y 0n the instrument is approximately 
0.5 Hz This poses the least restriction on telescope struc- 

ural design of any of the systems investigated and can easily 
„ me * . h:L f makes the pallet quite insensitive to payload 

""I h£nee trul y a «* a as an experiment i*sT 
capable of accommodating a large variety of instruments re- 
quirmg precise pointing. 


Table 4-1 summarizes the results obtained 
and floated Pallet with respect to the effects 
ibility. 


for the 10G, SF.P13, 
of structural flex- 
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Figure 4-1. Simplified Single Axis System 

where: 

I'd = Disturbance torque 
T c = Control torque 

w s = Sensor natural frequency (rate gyro was assumed) 
o) a = Actuator natural frequency 

= Vehicle rate gain (n-m/rad/sec) 

Kj, » Vehicle position gain (n-m/rad) 

K I = Vehicle integral gain (n-m-sec/rad) 
rssent'ed ^ 316 rep- 



linijy 2 

J 1 

■ — nmr ^ — , 

“L 

.j , 

■ j 

n 



Figure 4—2. Vehicle Dynamics 







INTERFACE FREQUENCY (Hz) [1 ST CANTILEVER MODE] 



CONTROL LOOP BANDWIDTH (Hz) 


Figure 4-3. 


Cimbai Interface Frequency Vs 
bandwidth (Sensors Mounted on 


IOL Control Loop 
the Telescope) 
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Inside-Out Gimbal 
System (IOG) 

2 Hz Control Loop 

2.5xl0 3 kg-m 2 
Instrument 


Standard Experiment 
Pointing Base (SEPB) 
1 Hz Control Loop 

2. 5xl0 3 kg-m 2 
Instrument 


Floated Pallet 
1 Hz Control Loop 


1st Cantilever Mode 

f n =2.846 Hz 

647x10 n— m/rad 

Should at least be in- 
creased by a factor of 
2 (5.692 Hz) to achieve 
adequate system 
response 

f =6 Hz 
n 

k~3. 599x10 n-m/rad 


V® Hz 


k 1- 73x10 n _ m/rad 
K=2. 313x10^ n/m 


INTERFACE STIFFNESS FOR 
STABILITY WITH SENSORS 
AND ACTUATORS MOUNTED 
ON RIGID STRUCTURE 

1st Cantilever Mode 

f n =7.967 Hz 

!• 291x10 n— m/rad 


f n ~0.5 Hz 


k=2,499x!0 H n-m/rad 


None required as long as 
rigid (i.e., 8 Hz) section 
corresponds to approximately 
30 percent of the total 
pellet inertia 


INTERFACE STIFFNESS 
TO MEET POINTING 
STABILITY REQUIREMENT 
OP +1 SEC PEAK 

Not applicable 


f =3 Hz 
n 


k=8. 996x10 n-m/rad 


£ n -4 Hz 


k-2. 93x10 n-m/rad 
K=5.784 x 10 3 n/m 


5. SLEWING PERFORMANCE OF THE INSIDE-OUT GIMBAL (IOG) SYSTEM 

This section describes the performance of the IOG during 
telescope slewing. Two slew profiles were used in this evalua- 
tion. One profile represents the rate required to track an 
earth fixed point. The other profile was chosen to give 50 
percent higher rates than that required for earth tracking. 

Both of these slewing profiles were supplied by NASA. Two tele- 
scopes were also used in the IOG slewing evaluation. One of the 
telescopes is the same as that used in the IOG pointing perfor- 
mance evaluations described in the preceding sections, the para- 
meters of which are listed in table 2-5. The second telescope 
evaluated was considerably lighter than that used in the pointing 
performance studies. The geometric configuration and mass charac- 
teristics for this telescope are shown in figure 5-1 and listed 
in table 5-1, respectively. In all of the slewing studies the 
the suspension stiffness was set a 1/20 nominal as shown in sec— 
tion 3. For convenience, the telescope used above in the IOG 
pointing performance evaluations will be referred to as the 
baseline telescope" while the second telescope will be called 
the slewing telescope, M 

The two slew profiles that were used are given in the equa- 
tions below. 


Slew Profile 1 (earth tracking" 
0 (t)=1.136 tanh j ^|^ J 
w(t)=-1.748xl0“ 2 seeh 2 

L 65 J 


( 1 ) 

( 2 ) 


jglew Profile 2 (50 percent higher rates than earth tracking) 

0 (t)=1.136 tanh (3) 

w (t) =-2.642x10“ 2 sech 2 (4) 

Both of the slew profiles described in equations (1) thru 
(4) were applied to the baseline and slewing telescopes. The 
telescopes were slewed about the -y axis for both profiles. In 
addition, both telescopes were slewed using profile 1 about an 
axis in the xy plane making an angle of ir/4 (45 degrees) with 
both the -x and -y telescope axes, which results in maximum 
coupling between the x and y telescope axes and IOG pedestal axes 
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. satisfactory slew about this axis would imply satisfactory slew- 
ing about any axis located in the x-y plane. Examination of the 

tL eW ,T flle£ dGflned above implies that at time equal to zero 
_ e e ® GO P e ls rotated 1.136 rad (65 degrees) negatively with 

Thp^tol ° tbS aX1S about which the telescope is to be slewed. 

The telescope maneuvers between +1.136 rad about the slew axis 

Due ^ th seconds for slew profiles 1 and 2, respectively. 

Due to the computer running times involved it was not feasible to 

In order“to V 6W P ro f ile . for either of the profiles defined, 
of Hip ai - h ^ e y e realistic computer running times, 100 seconds 

properly for P +50 lleS d ® SCr ] lbed were ron * The system was initialized 
properly for +50 seconds about the point at which maximum rate 

occurs which is 372 and 246 seconds for profiles 1 and 2, respec- 
^ive y. _ is initialization runs through the maximum telescope 
HI 1 and accelerations represented by both slewing profiles thus 
esulting in maximum telescope tracking errors, 10G pedestal ro- 
tations and translations, and IOG isolator elongations. Table 5-2 
summarizes the results of the IOG slewing studies. 

Examination of table 5-2 indicates that the IOG is capable of 

profiles ab 1 ^ £Win ? tbe " siewln S telescope" through both slew 
i i b ° Ut atly 3X1S ln the ** Pfane. The maximum resulting 
pedes tal^r o tation and isolator elongation is approximately 

9,12x 10 rad (5 degrees) and 2.65xl0 -2 m (1.04 inches), respectively 
These values especially for the isolator elongation are within ^ 

T iS °wo r desigB - In addition, the maximum control 
f, q r<2d ,Vf S 1 ‘ 69 n ” m when “Sing profile 2 which is well 
wiLhin the capability of direct drive DC torquers of feasible 

f* d volume ; Direct drive DC torquers are desirable from a 
pointing control viewpoint since they eliminate the nonlinear i ties 
that usually accompany geared torquers. The largest tracking 
, r °^ lnGur yed was 1.474 sec when using slew profile 2. However, 
t ls anticipated that this error could be reduced to less than an 
arc second by a slight increase in telescope controfloop gains. 

Examination of table 5-2 shows that slewing the baseline rpT» 
scope evenly through slew profile 1 results in Relatively laRge 

"SiaTa?n « the IOG pedestal accompanied bTLb- 

tated^ nt^T “f 10G IOG pedestal ro- 

tated .176 rad (10 degrees) and 0.179 rad (10.3 degrees) about thp 

x an y axes, respectively, and was accompanied by an isolator 

9.161x10 m (3.61 inches) when the telescope was 

WwLf ° U R ^ f XiS ln the Xy Plane makia S an angle of tt/4 rZ 
e 8*ees) wrth respect to the telescope -x and -y axes. It is 

forfaRc t& l f BSXm 3 suspension that will give satisfactory per- 
formance and have uniform characteristics for elongations in the 
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order of 1Q.16 cm (4 inches). When attempting to slew the base- 
line telescope through slew profile 2, pedestal rotations and 
isolator elongations are appreciably more severe than those in- 
curred using slew profile 1, as table 5-2 indicates. It should 
be noted that when using slew profile 2, the rotations of the 
IOG pedestal are so severe that the assumptions of small angular 
rotation of the IOG pedestal, made in the derivation of the equa- 
tions of motion for the slewing model, are no longer valid. 

The results of the IOG slewing studies further indicate the 
sensitivity of IOG performance to payload characteristics. It 
is doubtful that the IOG will be able to satisfactorily track a 
point on^ earth with a telescope whose inertia is in excess of 

10 kg-m within acceptable pedestal rotations and translations, 
and isolator elongations. This sensitivity of IOG performance 
to payload characteristics, also shown in section 4, is the most 
significant shortcoming of the IOG system. 
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Table 5 1. Slewing Telescope Mass Properties 


M=932 leg 
J =388 kg-m 2 
J y =388 kg-m 2 
J 2 =l,719 kg— m 2 
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Table 5 — 2 0 XOG Slewing Performance 



SLEW 

TELESCOPE 
I SLEW 

AXIS 

TRACKING 

TOC PEDESTAL 

TOC PEDESTAL 

ISOLATOR 

CONTROL 


PROFILE 

ERROR 

(rad) 

ROTATION 

(rad) 

CM TRANSLATION 
(meters) 

ELONGATION 

(meters) 

TORQUE 

(n-m) 




°*e‘° 

V° 

£ -1.88xLO~ 2 

x-1.5HBxl(J~ 3 

T -0 






(.7402 in) 

(.0625 In) 

cx 


1 

-y axis 

0 e ' 4.89*10 -6 
y (1.008 sSc) 

0 -4.59xlQ“ 2 
y (2.63 deg) 

e -o 
y 

y-0 

T -0.836 
cy 




0 zE-° 

6 -0 
2 

E -1.26xLO~ 3 

z- I ♦ 182x10” 2 

T -0 






(-05 in) 

(.4652 in) 

cz 




0 xE-° 

0 x -o 

£ -3.72xl0~ 2 

x- 3x10*’ 3 

T -0 

Sieving 





X (1.465 in) 

(.118 in) 

cx 

Telescope 
{932 kg) 

2 

-y axis 

0 e -7.15x 10 -6 
y (1.474 ££) 

0 -9.12xl0" 2 
y (5.225 deg) 

C -0 

y 

y-0 

t cy -1.69 




e zE-° 

0 -0 
2 

£ -2.61xl0“ 3 

z-2.29xl0~ 2 

T -0 






z (.103 in) 

(.902 In) 

cz 


1 

In. xy plane 
tt/ 4 rad with 

Q «4.53xl0~ 6 
(.934 ^c) 

0 -5.27*10~ 2 
(3.02 deg) 

e -2.18xl0~ 2 
(.858 in) 

x-l. 85x10”' 3 
(.073 in) 

T cx -0.949 



respect to 
telescope -x 
and — y axes 

0 -4.59xi0“ 6 

(.9464 sec) 

0 -5.32xJ.0~ 2 
y (3.048 deg) 

e -2.17xlo” 2 
y (.854 in) 

y-1.938xl0“ 3 
(.076 in) 

T -0.963 
cy 




0 *E=° 

0 5=0 
z 

£ -2.04xl0'” 3 

z-2.653xl0“ 2 

T =0 






Z (.08 in) 

(1.044 in) 

cz 




9 xE-° 

0 -0 
x 

£ -9.92xl0" Z 

x-5.725x!0“ 3 

T -0 






* (3.906 In) 

(.2254 in) 

cx 


1 

-y axis 

0 -4.17xlO~ 6 

y (0.86 5ec) 

0 -0.249 
y (14.27 deg) 

£ -0 
y 

y-0 

T cy -5.33 




°zE-° 

0 -0 
z 

£ -4.39xl0~ 3 

z-6.592xi0“ 2 

T -0 






Z (. L728 in) 

(2.595 in) 

cz 




°x E '° 

0 -0 
X 

£ -0.270 

x-l. 72 5x1 (J~ 2 

T -0 

Baseline 





* (10.6 in) 

(.679 in) 

cx 

Telescope 
(2.39xl0 3 kg) 

2 

-y axis 

0 -8.05xl0 _fi 

y (1.66 sec) 

0-0.674 
y (38.6 deg) 

C -0 

y 

y-0 

T -14.1 
cy 




<V° 

fl 2 -° 

£ -8.62xl0 -3 

Z“0. 1726 

T -0 

- 





(.339 in) 

(6.795 in) 

cz 


1 

In xy plane 
7f/4 rad with 
respect to 
telescope -x 
and -y axes 

0 _-2.09xl<T fi 
(.431 ££) 

0 =2.26xlO' 6 

(.466 sec) 

0 -0.176 

(10.08 deg) 

0 -0.17 9 
y (10.26 deg) 

£ -7.15xl0“ 2 
‘ (2.815 in) 

c -6.7LxUf 2 
y (2.642 in) 

x«4.375xUT 3 
(.172 in) 

y-3.975xL0“ 3 
(.157 in) 

T -3.89 
cx 

T -3.H3 
cy 




°z£=° 

0 =0 
z 

£ -3.93xl0~ 3 
(.155 In) 

z-4 . Ifilxicr 2 
(3.61 in) 

X ^0 
cz 
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6 . 


COMPARISON OF THE IOG, 


SEPE, AND FLOATED PALLET SYSTEMS 


In this section the IOG, SERE, and Floated Pallet are compared 
relative to each other. The format for this comparison is a tabular 
is ting giving the advantages and disadvantages of each of the sys- 
tems investigated. Comparison between system weight and the pallet/ 
telescope interface stiffness requirements is also presented. How- 
ever before presenting the comparison tables some general comments 
on the systems investigated are in order. 


The one main disadvantage of the IOG 
sensitivity to payload characteristics, 
manifests itself in three ways: 


system is its extreme 
This payload sensitivity 


a. Severe stiffness requirements are placed upon the telescope 
structural design. These stiffness requirements apply to the 
total telescope structure including the instrument and subsys- 
tem compartment behind the actual telescope (i.e., optical 
bench), which traditionally does not require a stiff struc- 
tural design. Hence telescope structural design will be driven 
to a great degree by IOG stability and performance needs rather 
than the requirements primarily placed upon its design from the 
scientific mission it is to perform. Compensation for telescope 
flexibility can be designed in order to alleviate the require- 
ments for structural rigidity. However, if this approach is 
a opted, a phase stabilization technique would be required in 
or er to maintain the 2 Hz control loop bandwidth required to 
meet pointing performance. This would necessitate accurate 
knowledge of telescope and interface flexibility characteristics, 
which can possibly require on-board measurement, and the capa- 
bility of varying compensator characteristics as a function of 
these measurements. 


. Sensors required for IOG control should be mounted on the 
telescope in order to minimize the interface and telescope 
structural stiffness required for system stability. This de- 
tracts from the IOG as a general purpose experiment accommodator 
and requires a mechanical and an additional electrical interface. 

c. Pedestal. rotations, translations, and isolator elongation as 
a unction of telescope mass, inertia characteristics , and slew 
profiles. This sensitivity probably will not allow the slewing 

of telescopes larger than 1,000 kg-m 2 , even for earth point 
tracking, in order to maintain pedestal motion and isolator 
elongations within tolerable limits. 

The advantage of the IOG system is that it does not require 
payload mass balancing, thus making it ameanable to changing 
telescope instrument packages as desired without telescope re- 
a aneing. In addition, the IOG is the lowest weight system of 
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options investigated. The IOG will also be the minimum cost option 
or the Instrument Pointing Systems considered, however, in light 
of the payload sensitivity described above it is not apparent that 
minimum overall program cost would result. 

The SEPB does not exhibit the degree of payload sensitivity 
as the IOG, however, it does place relatively severe gimbal to 
telescope interface stiffness requirements in order to meet tele- 
scope pointing stability performance. However, there is one sig- 
nificant difference between the SEPB and IOC. Since the SEPB is 

a n ent “„° £ ” aSS ra0unt (i * e *> telescope CM must be constrained to 
a small radius sphere with respect to the gimbal intersection 
point) , it can conveniently be attached to the telescope optical 
ench. The optical bench is normally made quite stiff due to 
thermal and dimensional stability considerations. Thus the stiff- 
ness required to meet pointing stability will probably not drive 
elescope structural design. In addition, the stiffness require- 
ments for the SEPB is to meet pointing performance and is not re- 
quired for absolute system stability. This means that the inter- 
face stiffness does not have to be designed with any safety margins, 
^so from structural considerations the stiffness requirements across 
er ace are minimized if the sensors are mounted on the SEPB 
inner or inertial gimbal. This eliminates a mechanical and elec- 

^ Ca ^ n ^ erfac e and makes the SEPB a piece of general experiment 
accommodation equipment, 

The SEPB exhibits the best slewing capability of the three 

systems investigated. There is no restriction on the size of 
telescope used or the slew profile that could be performed from 
a dynamic viewpoint. The only restriction is that the gimbal 
torquer has sufficient torque to execute a desired slew profile 
tor a particular telescope being considered. 

There are two primary disadvantages to the SEPB systems 
These are: 


a. The need for telescope mass balancing in order to achieve 
satisfactory pointing performance. This would complicate the 

Ogistics of changing telescope experiment packages thus de- 
tracting from its role as an overall experiment accommodator . 

b. It is projected to be the heaviest of the systems con- 

sidered particularly when considering multiple telescope 
operations . 1 

There are two principal disadvantages to the Floated Pallet 


The floated Pallet requires a control moment gyro system. 
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b. It would not be feasible to maneuver the total orbiter in 
order to perform telescope slewing due to control moment gyro 
system size and torque considerations. Hence a separate gim- 
balling system would be required in order to perform accurate 
telescope slewing. If there are slew requirements for many 
of the projected Spacelab experiments, this would require the 
use of essentially redundant Instrument Pointing Systems. 

The three prime advantages of the Floated Pallet concept are: 

a. The total pallet is stabilized to +1 sec thus making it 
an ideal experiment carrier or base for all types of experi- 
ments requiring precise pointing accuracy. 

b. fhe Floated Pallet is not sensitive to payload character- 
istics making it an ideal piece of experiment acconunodal Lon 
equipment. There are virtually no requirements on telescope 
structural integrity that would probably not be met by standard 
structural design. In addition, all control gear would be 
mounted on the pallet thus eliminating mechanical and elec- 
trical interfaces with the various pallet mounted experiments. 

c. Use of the Floated Pallet system will eliminate the con- 
taminants due to maintaining the orbiter attitude with the 
presently defined hypergolic reaction control system. It 
should be noted that if contamination considerations require 
the use of CMGs in order to eliminate the contamination ef- 
fects of the orbiter RCS, one of the prime objections to 

the Floated Pallet concept, both from a cost and complexity 
viewpoint, is removed. The additional effort required to 
float the pallet does not appear to be appreciably, hence 
it would be a real contender for the Spacelab Instrument 
ointmg System. Even if separate gimballing systems would 
be required to perform accurate telescope slewing, the Floated 
Pallet should still be considered for development once CMGs 
become a necessity from a contamination viewpoint. This would 
eliminate the interface and telescope structural stiffness 
requirements that would otherwise be present in gimballing 
concepts, thus yielding payload insensitive performance 
characteristics . 

Table 6-1 shows the weight comparison between the 10G, SEPB 
an r oated Pallet concepts. Table 6—2 shows the comparison be- 
tween the structural interface stiffness requirements for the 
systems considered. Tables 6-3, 6-4, and 6-5 summarize the over- 
all advantages and disadvantages of the Spacelab Instrument Point- 
ing Systems, 



Table 6 1. Instrument Pointing System Weight Summary 


Inside-Out Glmbal System (IOG) 

Weight of Gimbal and Pedestal = 488 kg (1,076 lb) 


Standard Experiment Pointing Base (SEPB) 
Weight of SEPB = 962 kg (2,121 lb) 


Floated Pallet 

Suspension Weight 
Retention System Weight 
CMG Mounting Rack 
CMG Weight 
CMG Electronics 


[11 kg/corner (24.25 lb)] 

[4 kg/mechanism (8.818 lb)] 
(Four CMGs) 

[190 kg/ CMG (418.9 lb)] 
[9.07 kg/box (20 lb)] 


44 kg (97 lb) 

20 kg (44.09 lb) 
90 kg (198.4 lb) 
760 kg (1,676 lb) 
18.14 kg (40 lb) 


Total Floated Pallet Weight 


932.1 kg (2,055 lb) 



Table 6-2. 


Effects of Flexibility on Instrument Pointing System 


c> 

r 


SYSTEM 



Inside-Out Gimbal 
System (IOG) 

2 Hz Control Loop 

2 . 5x10 3 kg— m 2 
Instrument 


INTERFACE STIFFNESS FOR 
STABILITY WITH FLEXIBLE 
INTERFACE BETWEEN 
SENSORS AND ACTUATORS 


INTERFACE STIFFNESS FOR 
STABILITY WITH SENSORS 
AND ACTUATORS MOUNTED 
ON RIGID STRUCTURE 


f n =2.846 Hz 
k=l. 647x10 ^ n-m/rad 

Should at least be in- 


lst Cantilever Mode 


f =7.967 Hz 
n 


k-1. 291x10 n— m/rad 


INTERFACE STIFFNESS 
TO MEET POINTING 
STABILITY REQUIREMENT 
OF +1 SEC PEAK 


Not Applicable 


creased by a factor 
of 2 (5.692 Hz) to 



achieve adequate 
system response 



Standard Experiment 
Pointing Base (SEPB) 

1 Hz Control Loop 

2.5xl0 3 kg-m 2 
Instrument 

i 

f j 

f n =6 Hz 

k=3. 599x10^ n— m/rad 

f =0.5 Hz 

^ lx 

k=2 . 499x10 n-m/rad 

f n -3 Hz 

k=8. 996x10^ n-m/rad 

} Floated Pallet I 

1 Hz Control loop 

- i 

f =8 Hz 

^ D 

k=l. 73x10 n-m/rad 
2. 3 13x10 6 n/m 

None required as long as 
rigid (i.e. , 8 Hz) section 
corresponds to approximately 
30 percent of the total 
pallet inertia 1 

1=4 Hz 

n 7 

k-2. 93x10 n-m/rad 

K=5 . 7 84xl0 5 n/m 

u 



i 



Table 6-3. Inside-Out Gimbal 


System (IOG) 


CTl 

t 

Cl 



ADVANTAGES 

Projected to be the minimum weight option. 

Does not require payload mass balance. 

Projected to be minimum cost option. However 
it is not at all apparent that the IOG would 
result in overall minimum program cost. 

Does not require a stiff pallet. 


DISADVANTAGES 


Sensors should be mounted on telescope in order to minimize 
the telescope and gimbal/interface stiffness requirements 
for stability. This would force an IPS/experiment mechanical 
and electrical interface detracting from the IOG utility as 
, a piece of experiment accommodation equipment. 


Severe stiffness requirements on the total telescope struc- 
ture and telescope gimbal interface result, even if sensors 
are mounted on the telescope. 


• Does not require pallet suspension. 

Shuttle attitude can be maintained by RCS. 

• Does not require accurate roll (i.e., about 
telescope line-of— sight) stabilization if 
consistant with experiment requirements. 


High gimbal/pallet and telescope stiffness required for 
stability. Hence, must be designed with proper margins. 

If flexible body compensation is to be employed in order 
to achieve stability while alleviating telescoDe and gimbal 
stiffness requirements, the resulting design would have to 
be performed for each payload individually, thus making the 
IOG extremely payload sensitive. 


Since loop bandwidths of 2 Hz or better are required for 
meeting system performance, phase stabilization techniques 
would be needed for flexible body compensation. This re- 
quires an accurate knowledge of flexible body characteris- 
tics which can possibly necessitate an on-board measuring 
system. * 


• Slewing payloads in excess of 10 3 kg-nT to perform earth 
point tracking is not feasible if pedestal motions and 
isolator elongations are to be kept within tolerable 
limits. 


Since the IOG mounts to the back end of the telescope, 
large volumes are swept out as the telescope is positioned, 
making the mounting of multiple telescopes difficult. 



ADVANTAGES 


Gimbal System (IOG) (Concluded) 


DISADVANTAGES 


Acquisition star trackers would be required for each tele- 
scope since accurate location of one telescope with respect 
to the other would be difficult in light of the IOG shock- 
moun . This is aggravated as the shockmount is made 
softer, as is presently indicated (i.e., the shockmount 
stiffness should be reduced by a factor of 20 to 30 from 

the present nominal stiffness value of 10^* n/m) . 

Separate servos and retention/releasing mechanism would be 
required for each IOG. 

Shuttle attitude would be maintained by a hypergolic RCS 
thus maximizing the possibility of experiment contamination. 

As mission time increases, an increasing RCS weight penalty 
results. r / 


Table 6-4. Standard 


■ ! ADVANTAGES 

| • Does not require stiff pallet. 

Does not require pallet suspension. 

Shuttle attitude can be maintained by RCS. 

• Sensors and actuators can be and should be 
mounted on the SEPB inner girabal, thus elim- 
; inating an electrical/ mechanical interface 
present for the IOG. 

Although a 3 Hz interface stiffness is re- 
quired for the gimbal and the gimbal- to- 
telescope interface, the attach point to 
, the telescope is at the cm.. It is there- 
fore relatively simple to attach to the 
!. telescope truss structure which is 

usually very stiff from optical, thermal, 
and dimensional stability consideration. 

Would not require separate acquisition star 
trackers. 

Telescope slewing easily achieved for a 
! large variety of payloads and slew profiles. 

* Swee PS out minimum volume when positioning 
telescope. 

system not as payload sensitive as IOG. 


Does not require accurate roll (i. e ., about 
tne telescope line-of-sight) if consistent 
with experiment requirements. 


Experiment Pointing Base (SEPB) 


__ DISADVANTAGES 

• Requires experiment mass balance. 

' t0 be .J eaviest of systems considered, particu- 

larly when considering multiple telescopes. 

• Each telescope requires a separate SEPB. This will only 
allow the mounting of two telescopes without exceeding 
the pallet weight capability. 

Shuttle attitude would be maintained by hypergolic RCS 
maximizing the possibility of experiment contamination! 

• penaltfis paid/ 3 eXtended ’ « increasing -RCS fuel weight 



Table 6 ~5 


ADVANTAGES 

Stabilizes total pallet to 1 sec accuracy, 
thus making total pallet a stable experiment 
carrier. 

Requires only positioning gimbals for the 
various telescopes mounted on the pallet, 
j Gimbals do not have to be actively servoed. 
ibis only applies to experiments that re- 
quire pointing and not those that require 
slewing. 

Does not require separate acquisition star 
trackers for each telescope. 

T 

Kill result in minimum gimbal/ telescope inter— 
i face stiffness requirements (i.e., between 
!; 0.5 and 1 Hz). 

Minimizes experiment contamination probability 
since shuttle attitude is maintained via CMGs, 

As mission duration is increased, the weight 
penalty due to the addition of CMGs decreases. 

Experiment mass balancing is not required . 

* System is essentially payload insensitive and 
is adaptable to a wide variety of payloads. 


DISADVANTAGES 


♦ Requires CMGs for pallet /shuttle stabilization. 

Requires stiff pallet (4 Hz first significant bending mode). 

Requires pallet suspension/retention system. 

Requires separate servoed gimballing system to perform 
experiment slewing and tracking. 

Requires accurate (i.e., < + 1 sec) three axis stabilization. 



7. RECOMMENDED FUTURE EFFORT 


J .-1 - The ^° llG, wing tasks are recommended to continue and extend 
the investigations performed in this study to better evaluate 
specify, and compare the 100, SERB, and Floated Pallet systems. 


cl • 

of 


Determine the stability of the IOG system as 
the following system parameters: 


function 


1) Suspension characteristics (i e 

ing) . 


stiffness and damp- 


2) Telescope look angle. 

3) Telescope mass and inertia characteristics. 

4) Variation in telescope cm location. 

5) Sensor and actuator characteristics. 

6) Interface stiffness. 


7) Control law structure. 

on e Tnr t T^v 10I1S ! i:LP between these parameters and their effect 
on IOG stability should be determined. 

b Betermifte the adaptability of the IOG in accommodating 

f *? OJected pa y- lGad Performance requirements. Estab- 
lish whether one suspension design would he adequate to meet 
the requirements for the projected payloads or multiple 
suspension designs would be required. 

c. Establish the effects of glmbal friction, wire torques 
n- e • ler pertinent glmbal nonlineariti.es on IOG and .SERB 
pointxng and slewing performance. 

d - Determine the effect of wire torques on the point in, . per- 
f ormaace. of the Floated Pallet. *' 1 cr 


e. 


. determine the effects of sensor and actuator noise on t-h# 
pointing performance of the IOG, SEPB, and Floated Pallet 
Establish the allowable levels of these noise sources con- 
sistent with meeting +1 sec pointing stability. 
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f . Determine the effects of sampling and quantization on 
the pointing performance of the IOG, SEPB, and Floated Pal- 
et. Establish the required sampling rate and quantization 
levels that would yield satisfactory system performance. 

g* Defirie in. detail the hardware complement required for 
the IOG, SEPB, and Floated Pallet concepts. Particular 
emphasis should be given to determining the hardware needed 
tor multiple telescope operation. In addition, the modi- 
fications to the pallet structure required to yield the 
needed stiffness for satisfactory Floated Pallet stability 
and pointing performance be defined in enough detail to make 
an accurate evaluation of the level of effort involved. 

h. Perform a detailed cost analysis of the 10(J, SEPB, and 
loafed Pallet systems In order to enable the optimum choice 
or possible choices of Instrument Pointing Systems. 
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